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ABSTRACT
NA NO SECO N D  PULSED ELECTRIC FIELD EFFECTS ON CELL CY CLE AND
APOPTOSIS
Emily H. Hall 
Old Dominion University, 2006 
Director: Dr. Stephen Beebe
Apoptosis, program m ed cell death, is a highly regulated and complex pathw ay 
essential for embryonic developm ent, imm une-system  function and m aintenance o f  tissue 
hom eostasis where cells induce their own cell death. Cells undergoing apoptosis exhibit a 
distinctive phenotype characterized by m aintenance o f  m em brane integrity, cell 
shrinkage, phosphatidylserine (PS) extem alization at the plasm a m em brane, caspase 
protease activation, DNA fragmentation, release o f  cytochrom e c from the 
m itochondrion, and m em brane blebbing. An important regulatory protein in the apoptotic 
pathw ay is p53. The p53 protein functions to m odulate the cell cycle by arresting cells in 
the Gi and G 2 phases to repair DNA damage, and/or to induce apoptosis. Another 
important cell cycle phase is S-phase, when the cell synthesizes DNA. Apoptosis has 
been extensively studied when induced by natural ligands, irradiation (IR), ultraviolet 
(UV) light, and chemical stimuli. Recently, apoptosis has been studied using a new' 
technology that targets intracellular structures entitled nanosecond pulsed electric fields 
(nsPEF). NsPEF are high intensity power, low energy, very short pulses (nanosecond) 
that can provide a new biological tool for m odulating intracellular structures and 
functions. In several cell types nsPEFs have been shown to induce apoptosis determ ined 
by m aintenance o f  the plasm a m em brane integrity, PS extem alization, caspase activation,
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DNA fragm entation, cytochrom e c release, cell shrinkage, and ultim ately cell death. The 
overall objective o f  this dissertation is to investigate the effects o f  nsPEF exposure under 
a range o f  sub-lethal and lethal conditions and ultim ately to reach an apoptotic threshold 
for colon carcinom a cells using HCT116p53+/+ and HCT116p53-/- cells. There are three 
specific aim s in this dissertation, 1) determ ine the effect o f  nsPEF exposures on colon 
carcinom a cells in respect to apoptosis, p53 and proliferation at conditions that induce 
apoptosis in Jurkat and HL60 cells, 2) determ ine the response o f  HCT116p53+/+ cells to 
nsPEFs during DNA synthesis in respect to apoptosis and proliferation at conditions that 
induce apoptosis in Jurkat and HL60 cells; and 3) determine conditions o f  nsPEFs that 
induce approxim ately fifty percent cell death in colon carcinom a cells and analyze effects 
o f  these pulses in respect to apoptosis, p53 and proliferation. These aims will be 
determ ined by analyzing apoptotic markers, proliferative markers, and m orphological 
markers. Results o f  this dissertation show that 1) H C T 116 cells have a higher tolerance 
for nsPEF exposure as compared to HL60 and Jurkat cells and p53 effects are m ore 
readily observed under sub-lethal conditions, 2) in order to induce apoptosis in H C T 116 
cells the num ber o f  nsPEF exposures m ust be increased, 3) S-phase provides a protective 
effect while being exposed to nsPEF, and 4) apoptosis is induced in these cells through 
the m itochondrial pathw ay in both p53 and Bax-dependent and -independent 
m echanism s.
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1CHAPTER I 
SIGNIFICANCE, SPECIFIC AIMS, BACKGROUND  
Significance
It is estim ated that there will be approxim ately 1.4 m illion new cases o f  cancer in 
the year 2005 and that approxim ately 600 thousand o f  these cases will result in m ortality 
(1). O f these estim ated new cancer cases this year, approxim ately 145 thousand will be 
colon and rectum  cancers resulting in an estimated approxim ately 56 thousand deaths (2). 
Colon and rectum cancer is the third leading cancer in Am erica for both wom en and men 
following behind lung and prostate for men or breast cancer for wom en (2). It is no 
wonder why there are m any research projects being performed to try to develop new 
cancer therapy strategies. There are m any different reasons that have been discovered for 
why a normal cell transform s into a m alignant phenotype. H aving a defect in an apoptotic 
pathw ay or a defect in an apoptotic regulatory protein such as p53 are a few reasons 
cancer can develop (3). W ith these m alfunctioning regulatory proteins or pathw ays cells 
are able to proliferate out o f  control. Apoptosis, program m ed cell death, is a regulatory 
pathw ay that ensures dam aged cells do not replicate and they se lf  destruct in a m anner 
that does not cause inflamm ation. These cells are engulfed by surrounding cells and parts 
o f  the cell are recycled for further use. A dysfunction in apoptosis has been im plicated in 
various pathological conditions including neurodegenerative disease, autoim m unity and 
cancer (4).
This dissertation follows the format o f  the FASEB Journal.
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P53 is a transcription factor that acts as a tum or suppressor gene. P53 is known as 
the “ guardian o f  the genom e” because it plays a role in m any different aspects o f  the cell 
cycle. One o f  these such roles is apoptosis or program m ed cell death; p53 functions to 
m odulate the cell cycle by arresting cells in Gi and G: phases to repair DNA damage, 
and/or to induce apoptosis. If  there is dam age to a cell, p53 and consequently apoptosis 
allows the cell to stop division so that dam age is not passed through generations. P53 is 
com prom ised in at least 50% o f  human cancers and over 10,000 tum or associated 
m utations in p53 have been discovered (5, 6). W hen apoptosis and p53 have disrupted 
functions it enables aberrant cell growth and the transfer o f  incorrect genetic inform ation 
to the next generation. M any cancer treatm ents currently focus on restoring impaired 
apoptotic pathways to give the cancer cell a w ay to comm it suicide or to restore p53 
function (7, 8). O ther current therapies include chem otherapy, radiation, and growth 
factor inhibition therapies. Another possible therapeutic strategy is the application o f  
nanosecond pulsed electric fields exposure o f  cancer cells to induce apoptosis which 
leads to cell death. It is vital to develop new treatm ent possibilities for human cancers 
that deal with this complex relationship between the cell cycle, p53, and apoptotic 
pathways.
M ore recently, electric fields have becom e a therapeutic strategy with drug 
delivery systems. Nanosecond pulsed electric fields (nsPEF) are high intensity power, 
low energy, very short pulses (nanosecond) that could provide a new biological tool for 
m odulating intracellular structures and functions. Previous studies have shown that 
nanosecond pulsed electric fields can induce apoptotic pathways in human cancers (9- 
13). NsPEF could possibly provide a new therapeutic tool in the fight against cancer. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
overall objective o f  this study is to investigate the effects o f nsPEF exposure on colon 
carcinom a cells in respect to apoptosis, proliferation, p53 and the cell cycle. These 
studies will help find new therapeutic strategies for the fight against cancer.
Specific Aims 
Specific Aim 1
Determ ine the effect o f  nsPEF exposures on colon carcinom a cells in respect to 
apoptosis, p53 and proliferation at conditions that induce apoptosis in Jurkat and HL60 
cells. The hypothesis o f  this aim is that p53 will attenuate the expression o f  apoptosis 
factors and/or prom ote survival factors to protect H C T 116 cells from deleterious effects 
o f  nsPEFs.
Specific Aim 2
D eterm ine the response o f  HCT116p53+/+ cells to nsPEFs during DNA synthesis 
in respect to apoptosis and proliferation at conditions that induce apoptosis in Jurkat and 
HL60 cells. The hypothesis o f  this aim is that colon carcinom a cells exposed to nsPEF 
while in S-phase will attem pt to protect replicating DNA and will have a lower apoptotic 
incidence than a normal cell population.
Specific Aim 3
Determ ine conditions o f  nsPEFs that induce approxim ately fifty percent cell death 
in colon carcinom a cells and analyze effects o f  these pulses in respect to apoptosis, p53 
and proliferation. The hypothesis o f  this aim is that colon carcinom a cells exposed to 
conditions that induce fifty percent cell death will also induce apoptosis and these 
m ultiple exposures will be past a threshold for a p53 protective effect.
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4Background
Apoptosis and p53
A poptosis, program m ed cell death, is a physiological process vital for embryonic 
developm ent, im m une-system  function and m aintenance o f  tissue hom eostasis in 
m ulticellular organism s (4). Apoptosis is a series o f  natural events that ultim ately leads to 
cell death by surrounding cells engulfing apoptotic bodies (14). Genetic and 
environm ental signals can induce apoptosis so that cells can comm it suicide in a quick 
manner. In contrast to necrosis cell death, apoptosis occurs with the final step being the 
cells removal by phagocytosis so there is no inflam m atory response. N ecrosis cell death 
causes inflamm ation when the plasm a m em brane ruptures and the intracellular contents 
are released into the extracellular matrix. N ecrosis has a distinct m orphology described as 
clum ping and random  degradation o f  nuclear DNA, swelling and rupture o f  the plasm a 
m em brane, increased vacuolation, organelle degradation, and m itochondrial swelling 
(15). Apoptosis has been extensively studied when induced by natural ligands, y- 
irradiation, ultraviolet light, and chemical stimuli. Cells undergoing apoptosis exhibit a 
distinctive phenotype characterized by cell shrinkage, m aintenance o f  m em brane 
integrity, phosphatidylserine (PS) extem alization at the plasm a m em brane, activation o f  
caspase proteases, DNA fragm entation, m em brane blebbing and in some cases 
cytochrom e c release from the m itochondrion (4, 14, 16).
There are two m ajor apoptotic pathways, the extrinsic or death-receptor pathw ay 
and the intrinsic or m itochondrial pathway. The final stages o f  both apoptotic pathw ays 
occur through the activation o f  caspase proteases. Caspases are a highly conserv ed family 
o f  cysteine proteases that share sim ilarities in amino acid sequence, structure, specificity
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for aspartic acid residues, and they posses an active-site cysteine (14, 17). Caspases 
typically reside in the cytosol as a single chain pro-enzym e and are constitutively 
expressed in most cells. However, it has also been shown that caspases can reside in the 
m itochondrial interm em brane space such as caspase-2, -3, -8, and -9 (1 6 ) or can be 
localized on the cytosolic face o f  the endoplasm ic reticulum (ER) as with caspase-12 
(15). Caspases are expressed as inactive pro-enzym es containing an N-term inal pro­
dom ain, a large subunit, and a small subunit. In order to become active they first cleave 
into large and small caspase subunits, and then secondly undergo another cleavage to 
rem ove the N-term inal dom ain, and finally the subunits assem ble into a tetram er that has 
two active sites (14). Caspases initiate a caspase cascade because once active they in turn 
activate other caspases and so on until the effect is multiplied. Caspases also have the 
ability to auto-activate or they can be activated by other proteases such as granzym e B 
(14). Caspases are subdivided into either initiators or effectors. Initiator caspases are 
activated either by auto-activation or by activation by a different protease and are 
regulated by protein-protein interactions. Effector caspases or executioners are activated 
by upstream  caspases and carry out the final stages o f  apoptosis (14, 17).
Recent evidence has dem onstrated that the two apoptotic pathways cross talk with 
one another and these pathw ays are steadily becom ing thought o f  as one m ajor pathway 
(18). For sim plicity here, the two pathways will be described as distinct from one 
another. The death-receptor pathw ay is derived at the cell surface by activating proteins 
or binding a ligand (eg. Fas or TNFR1), starting a cascade o f  signals inward (14). Once 
the ligand is bound to the receptor, the internal structure o f  the receptor trim erizes and 
recruits m olecules that bind to each death effector dom ain which in turn se lf  activates the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6protease dom ain (14). Caspase-8 cleaves and activates itself and signals a cascade 
downstream  that can either activate caspase-3, which is the death caspase, or it can cleave 
Bid. If  Bid is cleaved into tBid it can associate w ith the m itochondria and continue 
through that pathw ay (see next section) (14). Either way, once caspases are activated they 
ultim ately lead to certain death o f  the cell. I will concentrate the discussion on the 
intrinsic pathw ay and its com ponents as it is m ost relevant to this dissertation.
The intrinsic pathway, m itochondrial pathway, is derived from stress signals 
targeting intracellular targets such as the nucleus, ER or m itochondria. These stresses 
include cytotoxic drugs, DN A-dam aging agents, heat shock, hypoxia, growth factor 
withdraw', irradiation, ultraviolet light and death dom ain receptor signaling (16). The Bcl- 
2 (B-cell CLL/lym phom a 2) family o f  proteins is important to discuss here as they are the 
key to this pathway. There are roughly twenty Bcl-2 family m em bers in m am m als that 
are divided into three categories based on either function or structure. All the Bcl-2 
family m em bers share at least one o f  four relatively conserved Bcl-2 Hom ology (BH) 
dom ains (15, 19). The first category are anti-apoptotic (Bcl-2, Bcl-xL, Bcl-w', A l , and 
M cl-1), the second category are pro-apoptotic (Bax, Bak, and Bok) the last category are 
also pro-apoptotic but differ in structure from the second category (Bim, Bad, and Bid). 
Categories one and two share three dom ains BH1, BH2, and BH3 and have sim ilar 3D 
structures. The last category is BH3 only proteins but this dom ain appears to be adequate 
for their pro-apoptotic function. Bcl-2, a m ajor anti-apoptotic protein, is found on the 
cytoplasm ic face o f  the outer m itochondria m em brane, ER, and nuclear envelope. Most 
Bcl-2 relatives are found on one or more o f  these m em branes and/or they will congregate 
to these m em branes during apoptosis (15, 19). Bax (Bcl2-associated X), a m ajor pro-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7apoptotic protein, is prim arily cytoplasm ic but during apoptosis it is translocated to the 
m itochondria where it undergoes a conform ational change at both term ini and 
oligomerizes. The critical balance o f  these pro- and anti-apoptotic proteins determ ines 
the cells fate during the intrinsic pathw ay (15, 19).
The organelles im portant for this pathw ay are the m itochondria, the nucleus, and 
the ER. The m itochondria play crucial roles in cellular energy production through cellular 
respiration, m etabolism  o f  amino acids, irons, and lipids, as well as in apoptosis. They are 
considered the pow er house o f  the cell and consist o f  an outer m em brane, an inner 
mem brane, the interm em brane space and the m atrix (15, 20). During apoptosis the outer 
mitochondrial m em brane becom es perm eabilized and there is a release o f  toxic proteins 
from the interm em brane space. This is w idely considered the point o f  no return because 
once these proteins are released into the cytosol they are very quick to induce a signal 
cascade. The m em bers o f  the Bcl-2 fam ily strongly control this process (15). Upon 
activation by various apoptotic stimuli, the pro-apoptotic proteins will be activated and 
will perm eabilize the outer m itochondrial membrane. The anti-apoptotic proteins can 
discourage this process by heterodim erization with Bax-like proteins to inhibit their 
activity. The BH3 only pro-apoptotic proteins act by inhibiting the inhibitory effect o f 
Bcl-2 or by activating Bax by directly binding to it (15, 21). The inner m itochondrial 
m em brane can also contribute to the perm eabilization o f  the outer m em brane by an 
opening o f  a perm eability transition pore that releases water and other small m olecules 
causing swelling o f  the interm em brane space and eventually rupture o f  the outer 
m itochondrial m em brane (15, 21). W hen the outer m itochondrial m em brane is 
perm eabilized, an im portant protein released is cytochrom e c which plays a very
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
im portant role as a carrier o f  electrons. Cytochrom e c is a small m otile m olecule that will 
shuttle electrons through the final step o f  aerobic energy production (22). From the 
glucose we breakdown for energy, electrons are obtained and are shuttled through a 
succession o f  proton pum ping m olecules. The electrons are placed on oxygen at the last 
step where it will com bine with hydrogen to form water. Cytochrom e c shuttles electrons 
through the interm em brane space between the two m itochondrial m em branes (22). In 
com plete contrast o f  this energy production role, cytochrom e c also plays an essential 
role in apoptosis. Once cytochrom e c is released from the m itochondria into the cytosol 
during apoptosis it forms the apoptosom e in the presence o f  ATP with caspase-9 and 
A PA F-1. This apoptosom e triggers a caspase cascade eventually leading to cell death. 
Caspase inhibitors do not prevent cytochrom e c release when induced by m ost apoptotic 
stimuli w ith the exception o f  Fas (23).
There are other proteins released from the m itochondria during apoptosis that 
include: Sm ac/DIABLO, AIF, HtrA2, and endonuclease G (16, 24). Smac/'DIABLO and 
HtrA2 hinder the function o f  IAP (inhibitor o f  apoptosis proteins). They are localized in 
the m itochondrial interm em brane space and perform  their apoptotic function when 
released into the cytosol as w'ith cytochrom e c (16, 24). AIF, apoptosis inducing factor, 
and endonuclease G are translocated to the nucleus and induce high m olecular weight 
DNA fragmentation and/or chrom atin condensation (DNA fragm entation discussed in 
nucleus section). AIF can also aid in the depolarization o f  the outer m itochondrial 
m em brane or cause changes to the cell plasm a m em brane such as PS extem alization (16, 
24). PS extem alization is a classical apoptotic m arker that typically resides on the inner 
face o f  the plasm a m em brane and is translocated to the outer face o f  the plasm a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9mem brane by scram blase activity during apoptosis to signal for phagocytosis (2 5 ).
The m itochondria can also have a killing effect that can be due to a disruption o f 
electron transport, oxidative phosphorylation, and ATP production or by an alteration o f  
cellular reduction-oxidation potential (23). Disruption o f  electron transport and 
m etabolism  has been recognized as an early event in the cell death that m ight take place 
at the cytochrom e c step. A m ajor consequence o f  this loss o f  electron transport is a 
decrease in ATP production, although this would kill the cell it is probably not an 
indication for apoptosis due to the fact that ATP is required for the intrinsic pathway. 
Reactive oxygen species (ROS) generation is thought to be a late apoptotic event and the 
m itochondria are the m ajor source o f  superoxide anion production. A nything that 
decreases this coupling efficiency increases the production o f  superoxides which can 
induce apoptosis (23).
The nucleus is another important organelle involved in the intrinsic pathw ay and 
heavily relies on the p53 protein. If there is DNA damage, the cell will stabilize p53 
which can signal cell cycle arrest or apoptosis. P53 is a nuclear transcription factor that 
acts as a tum or suppressor protein, otherw ise term ed “the guardian o f  the genom e” (26). 
P53 is regulated by transcription, translation, conform ational changes, covalent and non- 
covalent m odifications (phosphorylation, acetylation, ubiquitination, sumoylation), 
subcellular localization, or stability (27). The hum an p53 protein consists o f  393 amino 
acid residues, which can be divided roughly into four structurally and functionally 
different dom ains. The amino-term inal dom ain is responsible for the transactivation 
properties o f  the protein and w ill undergo phosphorylation by kinases that can include 
casein kinase, checkpoint kinase 1 (CHK1), checkpoint kinase 2 (CHK2), DNA-
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dependent protein kinase, ataxia telangiectasia-m utated (ATM ), Jun kinase, and m itogen- 
activated protein kinases. The C-terminal undergoes phosphorylation by casein kinase II, 
various cyclin-dependent kinases, and protein kinase C (26). A cetylation o f  specific sites 
on the p53 protein can also contribute to the activation process. A conform ational change 
in p53 is induced that enables transcription to proceed when the N -term inus is 
phosphorylated (26). Contribution to the stabilizing process o f  p53 is also achieved 
through decreasing the interaction o f  p53 with mdm2 by having a m inor effect on DNA 
binding abilities which can also be accom plished through phosphorylation (26). Changes 
in phosphorylation o f  the C-term inus will alter the conform ation o f  the p53 protein to 
also m odulate DNA binding activity. The DN A-binding dom ain is the m ost com m on 
place for m utations to occur (26). The human p53 protein is reported to be post- 
translationally m odified on at least 18 sites (27). In response to IR or UV light, seven 
serines and two threonines in the N-terminal are phosphorylated specifically Ser6, 9, 15, 
20, 33, 37, 46, and Thrl 8, and 81. More recently, in response to DNA damage, Thr55 
was found to be de-phosphorylated so that in unstressed cells Thr55 is typically 
phosphorylated (27). The C-term inal also responds to DNA dam age by phosphorylation 
at Ser315 and 392, acetylation at Lys320, 373, and 382, and sum oylation at Lys386.
Som e sites are reported to be constitutively phosphorylated in unstressed cells such as at 
Ser376 and 378 (27).
In an unstressed cell p53 is m aintained at low levels in a latent state through 
targeted degradation, until a stimuli for example DNA damage, aberrant growth signals,
IR or UV light induces a signal cascade that stabilizes the protein (26, 27). P53 eliminates 
or prevents replication o f  damaged cells by transient growth arrest, perm anent cell cycle
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exit, senescence, term inal differentiation, or apoptotic cell death. Mdm2 is a m ajor 
regulator o f  p53, it inhibits p53 by binding to the p53 transactivation dom ain, and this 
blocks p53 interaction with transcriptional co activators. Mdm2 can also inhibit 
acetylation o f  p53, target p53 for ubiquitination or shuttle it to the cytoplasm  (28, 29). 
This regulation is an auto regulatory feedback loop since p53 activates transcription o f 
mdm2. O ver expression o f  m dm2 prevents p53 responses to stress and mdm2 acts as a 
proto-oncogene. W hen p53 becom es stabilized it accum ulates and stabilizes in the 
nucleus and acts as a transcription factor (27). ATM , ATR (ataxia telangiectasia and 
Rad3-related), CHK1, CHK2 kinases phosphorylate and stabilize p53, how ever they act 
in response to different stimuli and phosphorylate at different sites on p53 (27). CHK1 
and CHK2 act downstream  o f  ATR and ATM , respectively, by phosphorylating at Ser20 
and possibly other residues. In response to double strand breaks induced by IR, ATM 
phosphorylates at Seri 5 and CHK.2 phosphorylates at Ser 20. W hereas in response to 
pyrim idine dimers and cisplatin adducts induced by UV, ATR phosphorylates at both 
Seri 5 and Ser37 and CHK1 at Ser20 (27).
Once p53 is stabilized it can then activate transcription o f  genes involved in cell 
cycle arrest, apoptosis, DNA repair, and inhibition o f  blood vessel formation. P53 has 
many target genes that can be induced including Bax, Noxa, p21Wafl Cipl, Myc, PUM A, 
Fas, DR5, PERP, and PIG3 (18). P53 also has the ability to act in a transcription 
independent manner. P53 has been shown to enhance levels o f  Fas at the cell surface by 
prom oting trafficking o f  the Fas receptor from the Golgi. P53 can also use m itochondrial- 
import leader peptides to translocate itself from the nucleus to act directly at the 
m itochondria. Once at the m itochondria, p53 can form com plexes with Bcl-2 to inhibit it
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and activate Bax and prom ote perm eabilization o f  the m em brane (18). In order to arrest 
the cell cycle, p 2 l " afl'Cipl, an inhibitor o f  cyclin dependent kinases, is transcribed and 
arrests the cell cycle in Gi or Gi (30). The exact mechanism by which p53 determ ines 
what pathw ay to activate (cell cycle arrest, DNA repair or apoptosis) is still not fully 
understood. This probably depends on cell type and the level o f  dam age induced.
In dealing with the nucleus, a m ajor characteristic o f apoptosis is chrom atin 
condensation and DNA fragmentation (31, 32). DNA fragmentation can be divided into 
two categories, low m olecular weight cleavage (LM W ) and high m olecular weight 
cleavage (HM W ). LMW  cleavage is the typical DNA ladder seen in apoptosis and is 
described as fragm ents that are roughly 200 base pairs in length. This type o f  DNA 
fragm entation occurs in the late stages o f  apoptosis, however, HM W  cleavage can occur 
in the earlier stages o f  apoptosis. These fragments average from betw een 50-300 kb, 
however they have been less studied than LMW fragments and have been detected when 
apoptosis is not present so their exact role in apoptosis is not fully understood (31, 32). 
LM W  cleavage is easily detected because the breaks in DNA leave 3 ’OH ends that can 
be labeled with term inal deoxynucleotidyl transferase dUTP-m ediated nick end labeling 
(TUNEL). However, 3 ’OH breaks can also occur by other m echanism s independent o f  
apoptosis, so that TUNEL should performed in conjunction with another assay such as 
DNA laddering or cytochrom e c which are two apoptotic specific markers.
Two classes o f  apoptotic nucleases are responsible for these cleavage events (31, 
32). The first category, cell-autonom ous nucleases cleave the DNA within a cell as it 
undergoes apoptosis. W aste m anagem ent nucleases, responsible for the “clean up” o f  
DNA left behind, are usually involved in the digestion o f  DNA that originated
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som ewhere other than the nucleus. The waste m anagem ent nucleases are 
com partm entalized in lysosom es or secreted into the extracellular space after being 
synthesized in the ER. CAD, caspase-activated DNase, is a cell-autonom ous nucleases 
that has an important role in apoptosis during chrom atin condensation and DNA 
fragm entation^ 1, 32). CAD can only function when its inhibitor ICAD is released from 
their native complex; ICAD prevents the cleavage o f  DNA while bound to CAD. W hen 
apoptosis is induced, proteases (caspases or granzym e B) cleave ICAD at two sites to 
release CAD activity. Active CAD, through the N-term ini, becomes bound with apoptotic 
nuclei; this is perform ed by forming hom odim ers and oligomers. The active CAD is 
bound to DNA or chrom atin thus preventing the release o f active CAD into the 
extracellular space. This is crucial so that CAD can function and cleave the DNA or 
chrom atin. CAD cleaves double-stranded DNA and chrom atin within the 
intem ucleosom al linker and it has been suggested that CAD is the HMW  nuclease (31, 
32).
As stated above in the discussion on m itochondria, endonuclease G can induce 
LM W  DNA fragm entation once translocated from the m itochondria to the nucleus. 
Endonuclease G is especially important because it can perform  this function in cells that 
lack the CAD system and endonuclease G prefers ssDNA or RNA over dsDNA as a 
substrate (31). Another protein released from the m itochondria, AIF, has a role in 
chrom atin condensation and HM W  cleavage. AIF does not have a role in LMW  cleavage. 
Furtherm ore, AIF lacks intrinsic nuclease activity and needs a binding partner to induce 
DNA cleavage (31, 33).
Aiiother organelle im portant to this pathw ay is the endoplasm ic reticulum  (ER).
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The ER functions to ensure that only properly folded proteins are passed along the 
secretory pathway. Stress produced by disturbed glycosylation, m isfolded proteins, 
perturbed calcium  hom eostasis, or glucose deprivation can influence the ER to release 
Ca2". The ER is a m ajor intracellular store o f  Ca2+ ions; these ions efflux from the ER 
stores and is typically taken up in the m itochondria (15, 19, 34). This Ca2* release from 
the ER is achieved through the opening the inositol 1, 4, 5-triphosphate (IP3) or 
ryanodine receptor (RyR) C a2^  release channel. The m itochondria are strategically 
located near Ca2+ releasing channels so that they can capture the m ajority o f  Ca2+ that is 
released from the ER (15, 19, 34). Studies have dem onstrated that the balance o f  ER Ca2~ 
can determ ine the cells sensitivity to apoptosis. Furthermore, studies suggest that the 
delicate balance between the pro- and anti- apoptotic Bcl-2 proteins is correlated with the 
ER Ca2+ content. Bax over expression is related to the increase o f  Ca2+ that is transferred 
to the m itochondria which can then aid in cell death. Ca2+ can also function w ith 
m itochondria independent o f  Bax by induction through arachidonic acid, ceramide, or 
oxidative stress (15, 19, 34). Studies suggest that the m itochondrial death effect requires 
an increase in m itochondrial Ca2" that is translocated from the ER. Ca2\  after being 
translocated to the m itochondria, induces apoptotic pathw ays by aiding in the 
perm eabilization o f  the outer m itochondrial m em brane (15, 19, 34).
Alternative Cell Death Pathways
A poptosis is the best characterized program med cell death pathway, however 
m ore recently alternative cell death pathw ays have been revealed. For some o f  these 
pathw ays there is an overlap with apoptotic m arkers and it has not yet been determ ined if 
they are distinctly different. Some o f  the pathways have been described to be distinctly
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different than apoptosis. It is important to realize that these pathways have not been 
studied as extensively as apoptosis. These pathways include senescence, autophagy, 
paraptosis and m itotic catastrophe (4, 15). Senescence occurs when a cell enters a 
perm anent cell cycle arrest; this typically associated with a flattened cytoplasm  and 
increased granularity. Senescence is also known to be accom panied by changes in 
m etabolism  and B-galactosidase activity (4, 15). Autophagy is a process that occurs when 
the lysosom es sequester bulk cytoplasm  and organelles and are eventually degraded. Its 
purpose is to rem ove long-lived proteins and organelle com ponents and to also function 
in cellular rem odeling in response to cell differentiation, stress, or damage induced by 
cytokines. Cells that undergo the pathw ay o f  autophagy die though a non-apoptotic 
m anner that occurs without the activation o f  caspase proteases (4, 15). Paraptosis begins 
with m assive swelling o f  m itochondria and the ER and is associated with cytoplasm ic 
vacuolation. It can be triggered by TNF receptor family m em bers and the insulin-like 
growth factor I receptor or m ediated by m itogen-activated protein kinases. There have 
been only a few studies done on this pathw ay and they have shown it to be distinctly 
different from apoptosis but have shown it to be distinctly different than autophagy so it 
still needs to be determ ined if  autophagy and paraptosis are actually different pathways 
(15). M itotic catastrophe is another alternative program med cell death pathw ay that can 
be triggered by m itotic failure. M itotic failure can occur when cell cycle checkpoints fail 
or there is developm ent o f  aneuploid cells. Mitotic catastrophe is induced by either 
m icrotubule stabilizing or destabilizing agents and by DNA damage. This death pathway 
will lead to cell death around the m etaphase state o f  a cell and usually occurs in a p53- 
independent m anner or a partially p53-dependent manner. It is also reported to be
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associated with m itochondrial m em brane perm eabilization and caspase activation but is 
still distinct from apoptosis. M itotic catastrophe is usually connected with the formation 
o f  m ultinucleate, giant cells that contain uncondensed chrom osom es (4, 15).
Cell Cycle
The cell cycle is a complex set o f  events that ensures the grow'th and transfer o f  
genetic inform ation to daughter cells. The cell cycle has four phases Gi, S, G ;, and M 
phase. W hen cells are not replicating and dividing they rem ain in Go, which is a state 
before they enter into Gi and the rest o f  the cell cycle. The m ajor exam ple o f  a cell in Go 
is a differentiated cell that is unable to reenter into the cell cycle for division. 
D ifferentiating cells and non-dividing cells rem ain in Go and are characterized as 
different than cells that are dividing and growing. Upon stim ulation by growth factors, 
cells can reenter the cell cycle to replicate and divide by entering into Gi (35). There are 
two gap phases (Gi and G :) that serve as tim e delays to allow cell growth, provide time 
for the cell to m onitor the internal and external environm ent to ensure that conditions are 
suitable and preparations are com plete before the cell com m its itse lf to S and M -phases. 
S-phase is when DNA replication occurs and this phase typically occupies about ha lf the 
cell cycle in some m am m alian cells. The cell cycle is highly regulated by a complex 
network o f  regulatory proteins. This core system is an ordered series o f  biochem ical 
switches that control the main events o f  the cell cycle, DNA replication and the 
segregation o f  the replicated chrom osom es (36). A small num ber o f  heterodim eric protein 
kinases control the cell cycle. The concentrations o f  the regulatory subunits o f  these 
kinases, cyclins, will increase and decrease in each phase with the cell cycle. The 
catalytic subunits, cyclin-dependent kinases (Cdks), have no activity unless they are
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associated with a cyclin. The associated cyclin determ ines which proteins the cdk-cyclin 
complex phosphorylates (36). The cdk-cyclin com plexes in Gi prepare the cell for S- 
phase by activating transcription factors that cause the expression o f  enzym es required 
for DNA synthesis and the genes encoding S-phase cdk complexes. S-phase cdk-cyclin 
com plexes are held inactive until their inhibitor is degraded; this stim ulates entry into S- 
phase. Once activated, they phosphorylate regulatory sites in the proteins the form DNA 
pre-replication complexes. DNA replication is initiated and each chrom osom e is 
replicated only once. Once DNA replication is com plete M -phase cdk-cyclin com plexes 
are activated to induce chrom osom e condensation, nuclear envelope breakdown, 
assem bly o f  mitotic spindle apparatus and alignm ent o f  condensed chrom osom es at the 
metaphase plate (36). Once the cell has divided the cell cycle begins again. It is essential 
that the cell cycle have these regulatory controls to ensure proper genetic transfer from 
generation to generation. P53 plays a role in the cell cycle checkpoints by 
transcriptionally activating genes in cell cycle arrest so, if  p53 is com prom ised (mutated 
or nonfunctional), the cell cycle checkpoints could fail. This would lead to the cells 
inability to pause the cycle in order to determ ine if  there is dam age to the cell that can be 
repaired or if  apoptosis is induced.
To sum m arize the first two sections, p53 has m any different roles in the cell, 
including inducing target genes that function to induce cell cycle arrest, DNA repair, or 
apoptosis. The cell cycle itse lf has m any regulation checkpoints to ensure correct genetic 
information is transferred to daughter cells. A poptosis helps to ensure that cells replicate 
correctly and that any dam age is not passed on through the generations. All these 
pathways are intricate and com plicated and can overlap with one another. A m ajor cause
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o f  cancer is that p53, cell cycle checkpoints, or apoptotic pathways are usually m utated or 
nonfunctional. It is vital that new research is perform ed to help com bat some o f  these 
m alfunctioning pathways.
Electric Fields
For decades, researchers have studied the effects o f  electric fields on cells with 
the cytoplasm  acting like a conductive body and the plasm a m em brane acting as the 
surrounding dielectric layer. W hen electric fields are applied to cells it charges the 
plasm a m em brane as a capacitor and increases o f  the transm em brane voltage (37). 
Classical electroporation occurs when this voltage reaches values on the order o f  1 V 
over a duration o f  tens o f  m icroseconds to m illiseconds, causing a structural change and 
formation o f  aqueous pores in the m em brane (38). Electroporation is a useful tool for the 
delivery o f  extracellular m olecules such as DNA and drugs to the cell interior (39-41). 
These long pulses are used to study effects on the plasm a m em brane but until recently no 
studies attem pted to investigate electroporation effects on intracellular membranes. 
Schoenbach et al (2001) first described how to achieve electroporation effects on 
intracellular m em branes by applying electric fields on the order o f  kV/cm. These pulses 
are generated by high voltage, short duration (nanosecond range) electrical pulses that 
generate high electric fields. NsPEF are so short that the energy transfer is m inim ized and 
consequently very little effects on the cells are therm ally related. The initial hypothesis 
was when electrical pulses with sub-m icrosecond durations (less than the characteristic 
charge tim e o f  the plasm a m em brane) are applied, the effect on the plasm a m em brane 
decreases w hereas that on intracellular m em branes increases (42).
Schoenbach et al (2001) first determined the necessary conditions for the onset o f
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electric field-dependent effects on internal m em branes. Once these conditions were 
determined, experim ental evidence was provided to correlate with the hypothesis. The 
first intracellular effects o f  nsPEF were described by having “sparkler” m orphology in 
calcien-AM  loaded eosinophils vesicles without disrupting the plasm a m em brane 
integrity (42). This was determ ined by loading eosinophils with calcien as an intracellular 
probe to define the cytoplasm ic boundaries o f  an intracellular environm ent w ithin an 
intact cell m em brane. Once cells are loaded with calcien-AM  esterases cleave it to 
generate a highly fluorescent m em brane im perm eable free calcien. This calcien is now 
also excluded from intracellular com partm ents because it is m em brane impermeable. 
W hen eosinophils were exposed to nsPEF they retained their cytoplasm ic staining and 
also had acquired centrally located large fluorescent granules or “sparkler” morphology. 
These cells also appeared to be shrunken as com pared to control cells. It was concluded 
that nsPEF exposures induced selective disruption, poration, o f  the eosinophil granule 
m em brane while keeping the plasm a m em brane intact (42). This study agreed with the 
initial hypothesis that as the pulse duration decreases with high electric fields, there are 
fewer effects on the plasm a m em brane and more effects on the intracellular membranes. 
From this study the idea that nsPEF could induce apoptosis in cells was formed due to the 
shrinkage o f  the eosinophils which is a characteristic o f  apoptosis.
O ther studies that dem onstrate sub-lethal effects on cells include intracellular 
effects on the nucleus, the ER, and gene expression (11, 12, 43, 44). NsPEF were shown 
to have effects on the m orphology o f  the nucleus (43). Chen et al 2004 dem onstrated that 
the nucleus in AO (acridine orange)-stained HL-60 cells becom es irregularly shaped and 
the fluorescence decreases. AO diffused post pulse suggesting loss o f  nuclear m em brane
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integrity (43). DNA dam age has also been induced through nsPEF determ ined by 
analyzing DNA strand breaks (45). This DNA dam age was correlated to cell death and a 
decrease in cells reaching m itosis in suspension cell lines. This study also determ ined that 
suspension cell lines were more sensitive to nsPEF exposure as com pared to adherent cell 
lines. The adherent cell lines tested in these studies did not show DNA damage, 
decreased viability or a decrease in cells reaching m itosis (45). O ther studies also show 
nsPEF cell type specific effects (46). Hair et al 2003 dem onstrated that there were 
differences between Jurkat cells and human polym orphonuclear leukocytes for propidium  
iodide (PI) uptake and m em brane depolarization at 60ns 60kV/cm  1, 5, and 10 pulses. 
However, when exposed to 300ns 60kV/cm  1, 5, and 10 pulse trains the increase in PI 
becam e m ore hom ogeneous across different cell types (46). Beebe et al 2003 
dem onstrated differences in PI uptake between Jurkat cells and HL60 cells. Jurkat cells 
had a sim ilar maximal effect for both 60ns and 300ns 5 pulses, however HL60 cells had 
less o f  an effect at 60ns 5 pulses as com pared to 300ns 5 pulses (10).
Under conditions that are below the threshold for apoptosis induction, nsPEFs can 
also induce calcium  m obilization (11-13, 44). Beebe et al determ ined that in the absence 
o f  extracellular calcium , both UTP and a single nsPEF induced calcium  release from 
intracellular stores. These data suggest that nsPEF can trigger intracellular signal 
transduction m echanism s sim ilar to natural ligands that utilize the DN signaling pathw ay 
and calcium  release from the endoplasm ic reticulum  (11, 12). V ernier et al (2003) 
dem onstrated that calcium  bursts occur w ithin m illiseconds o f  nsPEF exposure. W hite et 
al (2004) dem onstrated that this calcium  release occurred from the endoplasm ic 
reticulum , m im icking purinergic receptor-m ediated calcium m obilization in HL-60 cells.
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NsPEF have also been shown to enhance gene expression when used in 
conjunction with electroporation, which is another example o f  sub-lethal effects. HL60 
cells were exposed in the presence o f  a GFP reporter gene to a classical electroporation 
pulse, a nsPEF pulse, no pulse, and a com bination o f  a long pulse and thirty m inutes later 
a short pulse (11 ,12 ). It was determined that twenty four hours later, in the cells that 
were treated with a com bination o f  pulses the GFP fluorescence was nine tim es higher 
than non-pulsed and 3.5 tim es higher than the electroporation pulse. These results 
indicate these cells are expressing GFP. This shows the potential to increase gene 
expression by com bining the electroporation pulses with nsPEF exposures (11, 12).
In a num ber o f  studies apoptotic markers have been induced by nsPEF, lethal 
effects, including cell shrinkage, intact m em branes, phosphatidylserine extem alization, 
caspase activation, DNA fragmentation, and cytochrom e c release from the m itochondria 
(9-13, 47, 48). NsPEF were first shown to induce apoptosis in hum an Jurkat cells 
indicated by PS extem alization to the outer m em brane and activation o f  caspase proteases 
(9). It was also shown that PS extem alization was attenuated by a caspase inhibitor 
indicating that at least in part this m echanism  o f  PS extem alization is dependent on 
caspase activation. These studies indicate that nsPEF have distinct different cellular 
responses than those induced by classical electroporation pulses (9). Continuing with 
these studies Beebe et al (2003 a) dem onstrated nsPEF induced apoptosis w ithin tens o f  
m inutes o f  exposure indicated by PS extem alization, caspase activation, cell shrinkage, 
and cytochrom e c release from the mitochondria. NsPEF recruits a m itochondrial- 
dependent apoptotic pathw ay due to the release o f  cytochrome c into the cytoplasm. 
However, it is not certain if  the m itochondria are a prim ary target because DNA
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fragm entation could be due to nuclear damage, inducing a p53 apoptotic pathw ay that 
leads to cytochrom e c release (10). Theses results suggest that this apoptosis is caspase- 
and m itochondrial-dependent (10). NsPEF induced apoptosis, PS extem alization and 
caspase activation, have been shown to be calcium -independent in HL60 cells and 
calcium -dependent in Jurkat cells suggesting a cell type specific m echanism  (11). These 
results indicate that nsPEF-induced apoptosis can proceed in the absence o f  calcium. 
V ernier et al (2003) determ ined that phosphatidylserine extem alization occurs w'ithin 
m inutes o f  nsPEF exposure associated with intracellular calcium events. Further studies 
indicate that PS extem alization occurs w'ithin m illiseconds o f  the nsPEF exposures that 
are polarized in the direction o f  the applied field suggesting im m ediate interactions 
between m em brane com ponents and the electric field (47).
NsPEF have also been shown to induce apoptotic m arkers in a mouse 
fibrosarcom a tum or m odel (9, 11). Beebe et al (2002) dem onstrated that five hours post 
pulse, nsPEF induced DNA fragmentation suggesting nsPEF treatm ent could slow tum or 
growth by inducing apoptosis. Beebe et al (2003) determined electric field-dependent and 
tim e-dependent caspase activation in this mouse fibrosarcoma model as well as DNA 
fragm entation. Tum ors were rem oved and slices were exposed to nsPEF and analyzed for 
caspase activation and DNA fragmentation. Caspase activity was alm ost seven-fold 
higher than non treated tum or slices and w-as increased (11) .  To correlate these apoptotic 
m arkers with tum or size reduction, tumors were exposed to nsPEF and the size was 
determ ined to have a 60%  reduction in size (11).
Based on all the studies performed analyzing nsPEF effects, it can be sum m arized 
that 1) nsPEF induces apoptotic markers, 2) effects induced by nsPEF are cell type
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specific, 3) PS extem alization has been shown to be induced by both biological pathways 
and by direct electric field effects, 4) below the threshold o f apoptosis calcium  is 
released, and 5) nsPEF when utilized in com bination with electroporation can enhance 
gene expression. From these previous studies it has been well dem onstrated that nsPEF 
can affect intracellular structures and functions, however the exact m echanism s are still 
not fully understood.
Based on these previous studies, the hypothesis that the apoptotic regulatory 
protein p53 or the cell cycle, specifically S-phase, might play an im portant role in the 
effects o f  these nsPEF exposures was developed. The reasoning behind this hypothesis 
was that the expression or lack o f  expression o f  p53 (an important regulator in apoptotic 
pathways and m any other cellular processes) in the cell w ould alter the effects o f  nsPEF. 
Previous reports showed that nsPEF induced DNA damage; p53 plays an im portant role 
in either repairing this DNA damage or inducing apoptosis. Since it has been shown that 
nsPEF exposure induces DNA damage, it is interesting to consider what effect pulsing 
has when exposure takes place during S-phase. Replicating DNA could possibly be more 
vulnerable during DNA synthesis or cells could take on a protective effect during nsPEF 
exposure. In this dissertation, the effects o f  nsPEF exposure to human colon carcinom a 
cells expressing or lacking p53 and unsychronized or in S-phase were analyzed for 
apoptotic, proliferation markers.
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CHAPTER II
NANOSECOND PULSED ELECTRIC FIELDs (nsPEF) INDUCE DIRECT 
ELECTRIC FIELD EFFECTS AND BIOLOGICAL EFFECTS ON HUMAN
COLON CARCINOMA CELLS 
Abstract
N anosecond pulsed electric fields (nsPEFs) are ultra short pulses with high 
electric field intensity (kV/cm ) and high pow er (megawatts), but low energy density 
(mJ/cc). To determ ine roles for p53 in responses to nsPEFs, H C T116 cells (p53+/+ and 
p53-/-) were exposed to nsPEF and analyzed for m em brane integrity, phosphatidylserine 
extem alization, caspase activation, and cell survival. Decreasing plasm a m em brane 
effects were observed in both HCT116p53+/+ and p53-/- cells with decreasing pulse 
durations and/or decreasing electric fields. However, addition o f  ethidium  hom odim er-1 
and A nnexin-V -FITC post-pulse dem onstrated greater fluorescence in p53-/- versus 
p53+/+ cells, suggesting a post-pulse p53-dependent biological effect at the plasm a 
membrane. Caspase activity was significantly higher than non-pulsed cells only in the 
p53-/- cells. H C T 116 cells exhibited greater survival in response to nsPEFs than HL-60 
and Jurkat cells, but survival was more evident for HCT116p53+/+ cells than for 
H CT116p53-/- cells. These results indicate that nsPEF effects on H C T 116 cells include 
(1) apparent direct electric field effects, (2) biological effects that are p53-dependent and 
p53-independent, (3) actions on m echanism s that originate at the plasm a m em branes and 
at intracellular structures, and (4) an apparent p53 protective effect. NsPEF applications 
provide a m eans to explore intracellular structures and functions that can reveal 
m echanism s in health and disease.
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Introduction
Apoptosis is a series o f  natural events that ultim ately leads to cell death by 
surrounding cells ingesting apoptotic bodies to not cause inflamm ation (14). Apoptosis 
can be induced through a variety o f  extra- and intra-cellular stimuli, including natural 
ligands, y-irradiation, ultraviolet light, and chemical stimuli. Cells undergoing apoptosis 
exhibit a distinctive phenotype characterized by cell shrinkage, m aintenance o f 
m em brane integrity, phosphatidylserine (PS) extem alization on the plasm a m em brane, 
cytochrom e c release from the m itochondrion, activation o f  caspase proteases, DNA 
fragm entation, and m em brane blebbing (14, 21). One well-characterized apoptotic 
pathw ay includes the death-receptor or extrinsic pathway, which is initiated by ligand- 
binding and receptor trim erization at the cell surface resulting in m itochondria- 
independent caspase-8 activation or a m itochondria-dependent caspase-9 activation 
mediated by a BH-3 only Bcl-2 fam ily member. Intrinsic apoptosis pathways can be 
initiated from intracellular targets, including organelles such as the nucleus, the 
m itochondria, and/or the endoplasm ic reticulum  and are often m itochondria-dependent. 
For exam ple, nuclear dam age stabilizes p53, activates Bax, and releases cytochrom e c 
from the m itochondria. A loss o f  the inner m itochondria m em brane potential can also 
result in the release o f  cytochrom e c into the cytoplasm. Cytochrom e c binds to Apaf-1 
forming an apoptosom e activating the initiator caspase-9 and subsequently the 
executioner caspase-3 (14, 21). Both pathways lead to caspase-3 activation and ultim ately 
cell death. These apoptosis cascades are important survival m echanism s to ensure that 
damaged cells do not replicate.
The tum or suppressor protein p53 is a nuclear transcription factor known as “the
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guardian o f  the genom e” (5, 26, 49, 50) because o f  its role in m any cellular pathways. In 
an unstressed cell p53 is m aintained at low' levels by Mdm2, which targets p53 for 
polyubiquitination and proteosom e-dependent degradation. A genotoxic stim ulus (e.g. 
DNA damage) induces a signal cascade that stabilizes p53 (26, 27) by ATM and Chk2 
kinase phosphorylation m echanism s that activate transcription o f  genes involved in 
transient grow'th arrest, perm anent cell cycle exit, senescence, term inal differentiation, or 
apoptotic cell death. Current therapeutic strategies attempt to reintroduce apoptosis 
pathways into cancer cells or to restore p53 functions that are deficient in cancer cells (4). 
A new potential cancer therapeutic technique is to expose tum or cells to nanosecond 
pulsed electric fields thereby activating signal m echanism s that lead to apoptotic cell 
death (9, 10).
An accum ulation o f  electric charges at the plasm a m em brane results w'hen electric 
fields are applied to cells causing an increase o f  the transm em brane voltage (37).
Classical electroporation occurs when this voltage reaches values on the order o f  1 V 
over a duration o f  tens o f  m icroseconds to m illiseconds, causing a structural change and 
formation o f  aqueous pores in the m em brane (38). Electroporation is a useful tool for the 
delivery o f  extracellular m olecules such as DNA and drugs to the cell interior (39-41). 
When electrical pulses with sub-m icrosecond durations (less than the characteristic 
charge tim e o f  the plasm a m em brane) are applied, the effect on the plasm a m em brane 
decreases w hereas that on subcellular m em branes increases.
Schoenbach et al (2001) first described intracellular effects o f  nsPEF when they 
described “sparkler” m orphology in calcien-AM  loaded eosinophils vesicles wdthout 
disruption o f  the integrity o f  surface membranes. NsPEF have been shown to initiate
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apoptosis and cellular responses that are distinct from cell responses invoked by classical 
plasm a m em brane electroporation pulses (9). In a num ber o f  studies apoptotic m arkers 
have been induced by nsPEF including cell shrinkage, intact m em branes, 
phosphatidylserine extem alization, caspase activation, DNA fragmentation, and 
cytochrom e c release from the m itochondria (9-13, 47, 48). Beebe et al also determined 
that the phosphatidylserine extem alization was dependent in part on caspase activation.
In Jurkat cells, nsPEF recruits a m itochondrial-dependent apoptotic pathw ay due to the 
release o f  cytochrom e c into the cytoplasm. However, it is not certain if  the m itochondria 
are a prim ary target because DNA fragm entation could be due to nuclear damage, 
inducing a p53 apoptotic pathway that leads to cytochrom e c release (9). NsPEF effects 
on cells have been shown to be cell type specific (45, 46). Stacey et al dem onstrated that 
in contrast to adherent cells, non-adherent cells exhibited a decrease in cell viability, 
induction o f  DNA dam age, and a decrease in cells reaching m itosis (45).
Under conditions that are below the threshold for apoptosis induction, nsPEFs 
induce calcium  release from intracellular stores (11, 13, 44). Vernier et al (2003) 
dem onstrated that calcium  bursts occur within m illiseconds o f  nsPEF exposure. W hite et 
al (2004) dem onstrated that this calcium release occurred from the endoplasm ic 
reticulum, m im icking purinergic receptor-m ediated calcium m obilization in HL-60 cells. 
From these previous studies it has been well dem onstrated that nsPEF can affect 
intracellular structures and functions, however the exact m echanism s are still not fully 
understood.
The present study was designed to investigate the role o f  p53 during nsPEF 
exposure. H CT116p53+/+ and p53-/- colon carcinom a cells were used (51), providing a
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knockout cell line that specifically tests the role o f  p53 in nsPEF-induced effects. The 
results indicate direct electric field effects on the H C T 116 colon carcinom a cells as well 
as biological responses from the cells that are dependent and independent o f  p53. The 
application o f  nsPEF reveals p53-dependent actions on cell survival including effects on 
the plasm a membrane.
Methods 
Cell lines
Human colon carcinom a cells, H C T 116, that are hom ozygous for p53 (p53+/+) 
and p53 null (p53-/-) (51) were grown in RPMI 1640 supplem ented with 10% fetal ca lf 
serum, 100 U/ml penicillin, 100 pg/ml streptom ycin, and 2mM L-glutamine. Cells were 
maintained at 37° C under 5% CO : until 85-90%  confluency. Before treatm ent, cells were 
harvested by trypsin and resuspended in Hanks balanced salt solution (HBSS) w ithout 
calcium  or m agnesium.
Nanosecond Pulsed Electric Fields
lx lO6 H C T 116 cells were placed in 0.1cm  gap BioRad®  gene Pulser cuvettes 
(Bio-Rad Laboratories) and pulsed 1, 3, or 5 times with durations o f  60ns or 300ns and 
electric fields between 12kV/cm and 60kV/cm. The 60ns pulse generator includes 5 high 
voltage 50Q cables in parallel, which achieved a 10Q impedance required for m atching 
the resistance o f  the suspension in the cuvettes (42). The 300ns pulse generator was 
sim ilar to the 60ns except that the 5 cables were 5 tim es longer. Again, the impedance o f  
each cable is 50Q, which makes the total impedance the required 10Q.
Determ ination o f  M embrane Integrity and PS Extem alization by Flow Cytom etry 
H C T 116 cells were exposed to specific nsPEF conditions in the presence or
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absence o f  2.1pM  ethidium  hom odim er-1 (0.8kDa, M olecular Probes); in the presence o f 
lp g  GFP (27kDa, Clonetech), and in the absence o f  Annexin-V-FITC (Alexis 
Biochemicals). Annexin-V-FITC was added post-pulse according to m anufacturers’ 
instructions. Cells were analyzed using a Becton-Dickinson FA CSCalibur flow 
cytom eter fifteen and thirty m inutes post-pulse. Fifteen thousand cells were acquired and 
emission was collected w ith interference band pass filter sets for (FL1-H) and (FL2-H). 
Data was analyzed by Cell Quest Pro software for fluorescent intensity.
Determ ination o f  Active Caspase by Flow' Cytom etry
H C T 116 cells were treated at specified exposures to nsPEF and incubated for 20 
m inutes with a fluorescent-labeled, cell-perm eable, irreversible caspase inhibitor, FITC- 
VAD-fm k (Val-Ala-A sp-fluoroethylketone labeled with fluorescein isothiocyanate) 
(Prom ega) as previously described (11). This m arker w'as used at a final concentration o f  
20pM  and is specific for the active site o f  the enzyme. Cells were washed in 1 mL HBSS 
and were analyzed forty-five m inutes post pulse using a Becton-D ickinson FA CSCalibur 
flow cytom eter. Fifteen thousand cells were acquired and em ission w'as collected w ith 
interference band pass filter set for FL2-F1. Data w as analyzed by Cell Quest Pro software 
for fluorescent intensity.
Detection o f  p53 and the nucleus by m icroscopy
H C T 116 cells were exposed to the specified nsPEF conditions and dried on slides, 
fixed in 3.7% form aldehyde/m edia, and incubated for fifteen m inutes at room 
temperature. The slides w'ere washed three times in PBS and incubated in PBS 
containing 0.2%  triton at room tem perature for five minutes. Slides were blocked in 1% 
BSA-PBS for thirty m inutes and washed three tim es in PBS. The p53 (DO-1) prim ary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
antibody (Santa Cruz) was incubated at a concentration o f  1:1000 for thirty m inutes, 
washed in IX  PBS, and Alexa Fluor® 488 goat anti-m ouse (M olecular Probes) at a final 
concentration o f  1:2000 w'as used for detection. DAPI (4 ’, 6-diam idine-2-phenylindole, 
dihydrochloride) (M olecular Probes) was added to the cover slip at a concentration o f 
O.Olmg/mL and placed onto the slide as the last step before view ing on the m icroscope. 
Slides were view'ed by a Zeiss Axiovert 200 and analyzed by axiovision 4.
Cell Survival Counts
Approxim ately 1X106 H C T 116 cells were exposed to the specified nsPEF 
conditions and brought up to a final volume o f  1ml in fresh medium. H alf o f  the sample 
wfas plated in 3ml o f  fresh medium for twenty-four hours. The other ha lf o f  the sample 
w'as counted on a Beckm an Coulter AC T diff™  at thirty m inutes post pulse. Tw enty-four 
hours post-pulse, plated samples were harvested and counted for total cell num ber using 
the Beckm an Coulter AC T diff™  .
Graphic Program s and Statistical Analysis
Graphical and statistical analysis was perform ed with PS1 Plot (Poly Software 
International). D escriptive statistics, as defined by Becton-D ickinson FA CSCalibur 
software, was utilized to determine arithmetic mean and standard error. Probability and 
significance were determ ined through a paired S tudent’s /-test.
Results
p53 protein expression in H C T 116 cells
Human colon carcinom a cells, HCT116p53+/+ and p53-/- cells were utilized so 
that the only difference between cell lines was the presence or absence o f  the p53 gene, 
consequently the p53 protein and its biological consequences. The H CT116p53-/- cell
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line has two prom oter-less vectors that contain a resistance gene in place o f  the genomic 
p53 sequences, disrupting the two p53 alleles (51). To confirm  the presence o f  the p53 
protein in the HCT116p53+/+ cell line and the absence o f  this protein in the H C T 116p53- 
/- cell line, fluorescent m icroscopy was utilized (Figure 1). M icroscopy data confirmed 
p53 expression in HCT116p53+/+ cells and the absence o f  p53 expression in 
HCT116p53-/- cells. This confirmation o f  p53 expression or absence allows us to utilize 
these cell lines in further experim ents in order to determ ine what role p53 plays in cell 
response to nsPEF exposure.
NsPEFs have direct electric field threshold effects on plasm a m em brane integrity that are 
p-53-independent in H C T 116 cells
To determ ine a threshold for m em brane integrity, H C T 116 cells were pulsed in 
the presence o f  ethidium  hom odim er-1 with single pulses at 60ns with electric fields o f  
16kV/cm, 26kV/cm, 40kV/cm  and 60kV/cm and 300ns with electric fields o f  12kV/cm, 
18kV/cm, 26kV/cm, 40kV/cm , and 60kV/cm. Figure 2a shows that HCT116p53+/+ cells 
have a threshold for ethidium  hom odim er fluorescence that bordered on significant at 
60kV/cm, the highest electric field tested. However, when p53+/+ cells were exposed to 
3 or 5 pulses at 60ns 60kV/cm, significant ethidium hom odim er-1 fluorescence was 
observed (data not shown). In contrast, the p53-/- cells had significant ethidium  
hom odim er fluorescence starting at 26kV/cm (Figure 2a). W hile no significant 
differences were observed at any given electric field between p53+/+ and p53-/- cells, 
p53-/- cells exhibited a lower threshold than p53+/+ cells for m em brane effects 
determ ined in the presence o f  ethidium hom odimer-1. For 300ns pulses (Figure 2b), 
thresholds for ethidium  hom odim er fluorescence were sim ilar for both p53+/+ and p53-/-
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DAPI p53-D01
HCT116p53+/+ 
HCT116p53-/-
Figure 1. p53 protein expression in H C T 116 cell lines. Fluorescent m icroscopy 
to detect the presence p53 protein expression in H CT116p53+/+ and p53-/- cells 
with the anti-p53 (DO-1) m onoclonal antibody with a secondary Alexa Fluor 
488. Nuclei stained with DAPI.
cells starting around 12-18kV/cm. No significant differences were observed between 
H CT116p53+/+ and p53-/- cells.
Addition o f  ethidium  hom odim er-1 after exposure to nsPEFs shows p53-dependent 
differences in H C T 116 cells
To determ ine nsPEF-induced changes in the plasm a m em brane, ethidium  
homodmer-1 was added after exposure to nsPEFs and analyzed thirty m inutes post-pulse 
by flow cytom etry. In contrast to effects observed when cells were exposed to nsPEFs in 
the presence o f  ethidium  hom odim er-1, p53-dependent differences were observed when 
ethidium  hom odim er-1 fluorescence was analyzed thirty m inutes post-pulse (Figure 3). 
Under these conditions, p53-/- cells had significantly higher ethidium  fluorescence for the
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Ethdium Homodimer-1  
H C T 1I6 Cells
C t r l  16kV 26kV 40kV 60kV ct
p53+/+ 60ns 1 pulse
B .  Ethidium  Homodimer-1
H C T 116 Cells
ctH  12kV I lk V  26kV  40kV  60kV  c lr l 12kV U k V  26kV  40kV  60kV
p53+/+ 300ns 1 pulse p53-/-
Figure 2. NsPEFs have p53-independent direct electric field effect on the threshold of 
the plasm a m em brane integrity in H C T 116 cells. HCT116p53+/+ and p53-/- cells were 
exposed to 1 pulse at A, 60ns 16kV/cm, 26kV/cm, 40kV/cm, and 60kV/cm  and B, 
300ns 12kV, 18kV, 26kV, 40kV, and 60kV. Ethidium H om odim er-1 fluorescence was 
determined fifteen m inutes post pulse by flow cytometry. Significant differences 
between pulsed and non-pulsed cells are designated by asterisks * (p< 0.05) and ** 
(p<0.01). Graphical representation o f  3 experiments.
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60ns 60kV/cm 1 and 3 pulses and the 300ns 26kV/cm 3 pulses conditions as com pared to 
the p53+/+ cells (Figure 3). This indicates the presence o f  a p53-dependent, biological 
m echanism  recruited by nsPEF exposure. Considering figures 2 and 3 together, nsPEF 
induced ethidium  hom odim er-1 fluorescence is due to both a direct electric field effect as 
well as a biological effect.
HCTl 16 Cells 
Ethidium Homodimer-1 
Added Post Pulse
40.0
p53+/+ -/■
60ns 60k\7cm 300ns 26kV/cm
p53+/+ p53-/- p53+/+ p53-/-
Figure 3. Addition o f  ethidium hom odim er-1 after exposure to nsPEFs shows p53- 
dependent differences in H C Tl 16 cells. HCT116p53+/+ and p53-/- cells were 
exposed to 1, 3, or 5 pulses at either 60ns 60kV/cm  or 300ns 26kV/cm  in the 
absence o f  Ethidium  H om odim er-1. Ethidium  hom odim er-1 was added post pulse 
and cells were subjected to flow cytom etry thirty m inutes post pulse. Significant 
differences are between p53+/+ and p53-/- cell lines designated by asterisks 
*(p<0.05). Graphical representation o f  mean fluorescence for three experiments.
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NsPEFs did not induce GFP internalization
The appearance o f  nsPEF-induced ethidium  hom odim er fluorescence suggested 
that the plasm a m em brane had been tem porarily breached or electroporated. The 
appearance o f  ethidium  fluorescence post-pulse was in contrast to effects o f  nsPEFs 
observed on Jurkat and HL-60 cells, but sim ilar to the effects o f  classical plasm a 
m em brane electroporation effects on the same cells (10). To further investigate the 
effects o f  nsPEF on H C Tl 16 plasm a m em branes, cells were exposed in the presence o f  
the green fluorescent protein (GFP, 27kDa), which would be internalized by classical 
plasm a m em brane electroporation. Furtherm ore, 1 wanted to determ ine the effects o f  
nsPEFs on phosphatidylserine extem alization using Annexin-V-FITC (35kDa) as an 
apoptotic m arker (see Figure 5). This approach could be com prom ised if  the m em brane 
allowed entry o f  large m olecules during nsPEF exposure. The results in figure 4 indicate 
that GFP does not enter the cells during 1, 3, or 5 pulses at 60ns 60kV/cm  or 300ns 
60kV/cm. This result suggest that nsPEF exposure does not allow pore formation that 
are large enough for GFP to enter cells unlike classical electroporation pulses and would 
not be expected to allow entry o f  Annexin V-FITC, which is 8kDa larger than GFP. 
NsPEF exposure induces phosphatidylserine extem alization in H C Tl 16 cells in a p53- 
dependent m anner
Phosphatidylserine extem alization occurs in early stages o f  apoptosis in order to 
signal phagocytosis. Annexin-V is a m em ber o f  calcium  and phospholipid-binding family 
o f  proteins that has a selective affinity for negatively charged phospholipids such as 
phosphatidylserine. To investigate Annexin-V -FITC binding on the ce ll’s surface,
H C Tl 16 p53+/+ and p53-/- cells were exposed to nsPEFs with 1, 3, or 5 pulses at 60ns
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
60kV/cm. As previously reported for Jurkat and HL-60 cells (10) Annexin-V -FITC was 
added post-pulse to bind any PS that had been externalized due to nsPEF exposure. 
Results indicate that all pulse conditions had significantly higher Annexin-V -FITC 
binding as compared to non-pulsed cells thirty m inutes post pulse (Figure 5) (p<0.05). 
However, for 3 and 5 pulses at 60ns 60kV/cm, p53-/- cells had a significantly higher 
level o f  Annexin-V-FITC binding as compared to p53+/+ cells when analyzed 30 
m inutes post pulse (Figure 5) (p <0.05). For 300ns pulses at 26kV/cm, both p53+/+ and 
p53-/- cells exhibited a significant increase in Annexin-V -FITC binding (p<0.05), 
however, there was no significant difference between p53+/+ and p53-/- cell lines (data 
not shown).
H C T116p53+<  
GFP
20 0 -----------------------------------------------------------------------
control
60ns 60kV/cm 300ns 60kV/cm
Figure 4. nsPEF did not induce GFP internalization. HCT116p53+/+ cells 
were exposed to 1,3,  and 5 pulses at 60ns 60kV/cm  and 300ns 60kV/cm  in the 
presence o f  GFP and subjected to flow cytom etry fifteen m inutes post pulse. 
Graphical representation o f  mean fluorescence for three experiments.
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These data suggest that phosphatidylserine extem alization is due to a biological 
effect in response to nsPEF during the 60ns pulses, but due to a direct electric field effect 
during the 300ns pulses. Thus, depending on pulse duration and electric field intensity 
phosphatidylserine extem alization in response to nsPEF exposure occurs due to a 
biological effect as well as a direct electric field effect.
NsPEF induces caspase activation in p53-/- cells
Caspase proteases are cleaved during apoptosis and activate a caspase cascade 
that eventually leads to cell death. To evaluate the effects o f  nsPEFs on caspase activity, 
HCT116p53+/+ and p53-/- were exposed to 1, 3, or 5 pulses at either 60ns 60kV/cm  (data 
not shown) or 300ns 26kV/cm (Figure 6). To determ ine levels o f  active caspase, cells 
were incubated with FITC-VAD-fm k, an irreversible inhibitor that binds to the active site 
o f  caspases. FITC-VAD-fm k fluorescence was m easured forty-five m inutes post-pulse 
for active caspases. For the 300ns 26kV/cm condition, nsPEF significantly induced 
caspase activation in the HCT116p53-/- cells only (Figure 6). There was no statistically 
significant increase in caspase activity in HCT116p53+/+ cells, however, there was an 
increase in caspase activity sim ilar to the p53-/- cells. Thus, nsPEFs induced caspase 
activity in H C T 116 cells appears to be a biological response that is p53-dependent.
H C T 116 cells surv ive nsPEF exposure
Cells exposed to nsPEFs exhibited apoptosis markers such as intact plasm a 
m em branes, phosphatidylserine extem alization, and caspase activation; but the increases 
were not as robust as those same markers in nsPEF-exposed Jurkat or HL-60 cells (10,
11). To determ ine cell survival, H C T 116 cells were exposed to 1, 3, and 5 pulses at 
60kV/cm at either 60ns or 300ns and counted thirty m inutes and tw enty-four hours post-
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Figure 5. NsPEF exposure induces phosphatidylserine extem alization in 
H C T 116 cells in a p53-dependent manner. HCT116p53+/+ and p53-/- cells 
were exposed to 1, 3 or 5 pulses at 60ns 60kV/cm. Annexin V FITC 
fluorescence was determined thirty m inutes post pulse by flow cytom etry. 
Significant differences between p53+/+ and p53-/- cell lines designated by 
asterisks *(p<0.05). Graphical representation o f  mean fluorescence o f  3 
experiments.
pulse. For the 60ns conditions, in contrast to HCT116p53+/+ cells, H CT116p53-/- cells 
did not show significant increases in num bers in the interval between thirty m inutes and 
twenty-four hours post-pulse (Figure 7A). For the 300ns conditions, differences between 
cells that did or did not express p53 diminished, however both cell lines exhibited a
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decrease in cell num bers following the 5-pulse condition (Figure 7b). In general, cells 
that expressed p53 exhibited better survival than cell that did not express p53.
H C T 116 Cells 
300ns 26kV/cm 
Active C aspase
150
100  -
ccao
s
u
50 -
p53+/+ p 
control p53+/+ p53-/-
Figure 6. Caspase activation after exposure to nsPEF is significant for p53-/- 
cells. HCT116p53+/+ and p53-/- cells were exposed to 1, 3, or 5 pulses at 300ns 
26kV/cm  and FITC-VA D-fm k fluorescence was determined forty-five m inutes 
post pulse by flow cytometry. Significant differences between pulsed cells and 
non-pulsed cells designated by asterisks * (p<0.05). Graphical representation o f  
geometric mean o f  4 experiments.
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Figure 7. HCT116 cells survive nsPEF exposure. H CT116p53+/+ and 
p53-/- cells were exposed to 1, 3 or 5 pulses at 60ns 60kV/cm  and 300ns 
60kV/cm  and counted thirty m inutes and twenty-four hours post pulse. 
A, H CT116p53+/+ cells B, HCT116p53-/- cells. Significant differences 
between thirty m inutes and tw enty-four hours designated by asterisks * 
(p<0.05) and ** (p<0.01). Graphical representation o f  the m ean o f  5 
experiments.
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Discussion
Effects o f  nsPEFs on cells have clearly dem onstrated to be different than effects 
o f  classical plasm a m em brane electroporation (10). It has also been dem onstrated that as 
the pulse duration o f  these ultrashort pulses is reduced, effects on the plasm a m em brane 
decrease and effects on intracellular structures and functions increase (10, 11, 42). 
Affected intracellular structures and functions include intracellular vesicles (42), 
intracellular calcium  storage site(s) (13) including the endoplasm ic reticulum  (11, 44), 
and the nucleus (43, 45). Stacey et al. (2003) dem onstrated that nsPEF induced DNA 
damaged, a condition that m ight involve responses from p53. The use o f  p53^-/-*- and 
p53-/- cells provided a means to investigate nsPEF-induced apoptosis m arkers at the 
levels o f  the plasm a m em brane, caspase activation, and cell surv ival. Since nsPEFs have 
been shown to induce apoptosis in HL-60 and Jurkat cells (9, 10, 13), we initiated studies 
with H C T 116 cells to determine if  nsPEFs induced apoptosis markers in these cells and if 
they did, were they dependent on p53.
Two im portant potential apoptosis m arkers are identified at the cell plasm a 
membrane. Apoptotic cells maintain intact cell plasm a membrane, which is indicated by 
the absence o f  ethidium hom odim er-1 fluorescence. Apoptotic cells also externalize 
phosphatidylserine to the outer leaflet o f  the plasm a membrane, which is indicated by 
presence o f  A nnexin-V -FITC fluorescence in intact cells. However, electric fields are 
known to affect plasm a m em brane integrity as defined by classical plasm a m em brane 
electroporation (40, 41, 52). Further, Vernier et al. (2003) dem onstrated that nsPEFs 
could have direct electric field effects on phosphatidylserine extem alization. Likewise, 
evidence for nsPEF-induced biological responses on phosphatidylserine extem alization
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has been reported to be at least in part caspase-dependent, since cell perm eable caspase 
inhibitors dim inished expression o f  phosphatidylserine extem alization in HL-60 cells 
(11). The studies reported here with p53+/+ and p53-/- H C T 116 colon carcinom a cells 
provide further support for direct electric field effects and biological effects in cell 
responses to nsPEFs.
Specifically, the direct electric field effect is evident from the requirem ent for 
longer pulses (300ns vs. 60ns) and higher electric fields to significantly increase plasm a 
m em brane perm eability m easured by ethidium  hom odim er fluorescence. The biological 
effects are indicated by the differences in p53+/+ and p53-/- cells responses. P53-/- cells 
exhibited a lower apparent threshold for ethidium hom odim er fluorescence (~26kV/cm) 
than p53+/+ cells, which required m ultiple pulses at 60kV/cm to increase fluorescence.
In addition, p53-/- cells exhibited significantly more robust responses than p53+/+ cells 
in responses to m ultiple pulses at 60ns 60kV/cm  and 300ns 26kV/'cm (both conditions 
provide a sim ilar energy density). Furthermore, as compared to p53+/+ cells, p53-/- cells 
exhibited a significant increase in A nnexinV-FITC binding, suggesting a biological 
response that is consistent with apoptosis in a population o f  cells. The presence o f  p53- 
dependent effects on plasm a m em brane m arkers in response to nsPEFs suggests a 
previously undefined role for p53 in m odulating plasm a m em brane structure and 
function. In addition, the results dem onstrate that the application o f  nsPEFs define cell 
signal transduction m echanism s, providing a novel exogenous stim ulus for m easuring 
cell responses.
Although p53 is a transcription factor, recent reports indicate transcription- 
independent roles for p53 that involve m itochondria-m ediated apoptosis by effects on
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Bax (53). It is not clear if  the p53-dependent effects reported here are dependent or 
independent o f  transcription. It is likely that the difference betw een p53+/+ and p53-/- 
cells, m easured by ethidium  hom odim er-1 when present during the pulse, are due to 
direct electric field effects on m em brane structure and are likely due to constitutive and 
stable p53 effects on the plasm a m em brane. Differences that are m easured by ethidium 
hom odim er-1 when present after the pulse m ost likely are due to a tim e-dependent 
m echanism s, that may or may not be dependent on early p53-dependent transcription 
events. Thus, exposure to nsPEFs reveals constitutive and induced p53-m ediated effects 
at the plasm a membrane.
W hile p53 may induce apoptosis in some cells by m itochondria-dependent 
caspase activation, nsPEFs do not appear to activate this pathw ay readily in H C T 116 
colon carcinom a cells under the conditions used here. However, nsPEF-induced 
cytochrom e c release and caspase activation have been observed in HL-60 cells under 
conditions with short durations and lower electric fields (9, 10). Interestingly, although 
H C T 116 cells exhibit nsPEF-induced caspase activation and Annexin-V -FITC (27kDa) 
binding in the absence o f  uptake o f  GFP (35kDa), these cells fluoresce with ethidium 
hom odim er (O.SkDa), suggesting that plasm a m em brane integrity is not m aintained, at 
least to small m olecules. Nevertheless, post-pulse H C T 116 cell num bers do not decrease 
im m ediately (30 min), but over a 24-hour period do not increase or decrease in cell 
number, depending on the nsPEF conditions and the presence or absence o f  p53. Thus, 
when cell death does occur, it is not by necrosis. Thus, p53 appears to have a protective 
role in these cells because caspase is significantly activated only in the p53-/- cells and in 
contrast to p53+/+ cells, p53-/- cells do not thrive under any nsPEF condition tested.
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Taken together with previous results, nsPEF-induced effects are cell type specific and 
may induce apoptosis- and/or other signaling-pathw ays depending on the cell type and 
the nsPEF conditions. Nevertheless, the expression o f  p53 appears to allow survival 
compared to cells that do not express p53.
The results presented here indicate that nsPEFs have direct electric field effects on 
cell m em branes that are often used as apoptosis m arkers, as well as biological effects that 
are p53-dependent and independent. A lthough p53 has a known role in response to DNA 
dam age and has transcription-dependent and independent functions (5, 6, 27, 29, 30, 50), 
evidence is presented here for nsPEF-induced p53-dependent effects on plasm a 
mem brane dynamics suggests yet undefined roles for p53 on cell structure and function.
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CHAPTER III
NANOSECOND PULSED ELECTRIC FIELDS HAVE DIFFERENTIAL  
EFFECTS ON CELLS IN S-PHASE
Abstract
Nanosecond pulsed electric fields (nsPEFs) are non-thermal (J/cc), ultra-short 
(tens to hundreds o f  ns), high electric field (tens o f  kV/cm), high pow er (tens o f 
megawatts) pulses that extend plasm a m em brane electroporation to include selective 
effects on intracellular structures and functions. To determ ine effects o f  nsPEFs on cells 
during DNA synthesis, H C T 116 colon carcinom a cells were synchronized to S-phase, 
exposed to electric fields o f  60kV/cm  with either 60ns or 300ns durations and analyzed. 
Unlike un-synchronized cells, S-phase cells exhibited greater m em brane integrity, 
m aintenance o f  cytoskeletal structure, and greater caspase activation. Regardless o f  the 
cell cycle phase, nsPEF-exposed cells survived, but exhibited reversible increases in 
phosphatidylserine (PS) extem alization, enlarged nuclei, abnormal DNA histogram s, and 
delayed proliferation. These results show the use o f  nsPEFs as a non-ligand agonist that 
m odulate cell structures and functions, dem onstrate differential effects in S-phase cells 
that may protect them during DNA synthesis, and suggest a non-apoptotic role for 
caspase activity during DNA synthesis.
Introduction
Electric fields have effects on cells due to the cell being a conductive body 
(cytoplasm) surrounded by a dielectric layer (plasm a m em brane) (37). W hen electric 
fields are applied to cells the current causes accum ulation o f  electric charges at the cell 
mem brane and consequently a voltage across the plasm a m em brane (38). Electroporation,
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with pulses o f  tens o f  m icroseconds to m illiseconds, occurs when a voltage o f  
approxim ately IV  is generated across the plasm a mem brane; a structural change takes 
place causing the formation o f  pores in the m em brane (39-41). This is a useful tool in 
drug therapies and basic science techniques because if  the electric field and/or the 
duration o f  the pulse are not excessive the pores close and the cell survives. A very recent 
developm ent in bioelectrics is the application o f  high voltage, high pow er electric pulses 
in the nanosecond range (nsPEFs) to cells and tissues (54). This technology has inherent 
advantages over classical plasm a m em brane electroporation because even large electric 
fields and high peak power nanosecond pulses produce negligible therm al effects and 
provide the ability to create large transm em brane potentials across intracellular 
mem branes while m aintaining plasm a m em brane integrity (55).
Evidence for selective effects o f  nsPEF on intracellular m em branes was first 
described with the appearance o f  “sparkler” m orphology in calcein-loaded eosinophils, 
dem onstrating the entrance o f  calcein into intracellular granules without disruption o f  
surface m em brane integrity (42). NsPEFs have been shown to induce the release o f  
calcium from the endoplasm ic reticulum  in HL-60 cells under conditions that m aintained 
plasm a m em brane integrity (44). Calcium  release from intracellular stores was followed 
by calcium  influx through store-operated channels in the plasm a m em brane m im icking 
purinergic receptor-m ediated calcium  m obilization in HL60 cells (44). It was also 
dem onstrated that this calcium release occurred in bursts within m illiseconds o f  nsPEF 
exposure in Jurkat cells (13).
NsPEFs have also been shown to induce apoptosis m arkers under conditions that 
include m aintenance o f  m em brane integrity (9-12). NsPEFs have been shown to induce
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DNA fragm entation and caspase activation in tum ors (11, 12) as well as in cultured cells 
shown by cell shrinkage, phosphatidylserine (PS) extem alization, caspase activation, 
DNA fragm entation, and cytochrom e c release from the m itochondria (9, 44, 45, 47).
The release o f  cytochrom e c suggests that nsPEF recruits a m itochondrial-dependent 
apoptotic pathway. However, it is not certain if  the m itochondria are a prim ary target 
because o f  effects on the nucleus and/or DNA (43, 45) or other cell stresses that could 
induce a p53-dependent or independent apoptotic pathway(s) leading to the release o f  
cytochrom e c (9).
NsPEF effects on cells have also been described to be cell type specific (45, 46). 
Differences were first shown between Jurkat cells and PM N for PI uptake and m em brane 
depolarization (46). Stacey et al (2003) dem onstrated in ten different cell lines that 
compared to adherent cells, non-adherent cells had a low'er threshold for nsPEF-induced 
apoptosis possibly due at least in part to genotoxic stress. Suspension cells had a 
decrease in cell viability, induction o f  DNA damage, and a decrease in cells reaching 
m itosis; adherent cells did not dem onstrate this same behavior under the conditions tested 
(45).
W hile nsPEF can selectively influence intracellular structures and functions and 
affect cell fate, the exact m echanism s involved are still not fully understood. Given 
biological differences among cells in a population to nsPEFs, we considered the 
possibility that nsPEF-induced effects were dependent on the cell cycle phase and that 
apoptosis may be m ore readily induced during DNA synthesis. DNA replication occurs 
during S-phase, which typically occupies about h a lf  o f  the cell cycle in H C T 116 cells.
The cell cycle is regulated by a network o f  regulatory proteins that function in a
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systematic series o f  biochem ical events to control the main events o f  the cell cycle, DNA 
replication and the segregation o f  the replicated chrom osom es (56). It is essential that the 
cell cycle have regulatory controls to ensure proper genetic transfer from generation to 
generation (57). Apoptosis, program m ed cell death, can help to ensure that cells do not 
pass dam age to the next generation. Cell cycle checkpoints and apoptotic pathw ays are 
usually m utated or nonfunctional in many cancers (4, 57). NsPEFs have previously been 
shown to induce apoptosis in many different cancer cells lines by targeting intracellular 
structures like the nucleus or m itochondria (9-12, 45, 47, 48). It has been shown that 
nsPEF induces apoptotic m arkers including PS extem alization, m aintenance o f 
mem brane integrity, and caspase activation in H C T 116 cells; however, these cells survive 
(58). Therefore it was necessary to investigate the role cell cycle might play when 
exposed to nsPEF. The results we describe here indicate that S-phase cells exposed to 
nsPEFs exhibit more robust m em brane integrity and cytoskeletal structure, as well as 
more caspase activation. These studies provide the first dem onstration o f  differential 
effects o f  S-phase cells during exposure to nsPEFs. It has been shown and this paper 
continues to explore the use o f  nsPEFs as a biological tool for m odulating intracellular 
structures and functions as well as structures in the plasm a m em brane for pulses with tens 
and hundreds o f  nanoseconds.
Methods 
Cell lines
Human colon carcinom a cells, H C T 116, were grown in RPM I 1640 supplem ented 
with 10% fetal ca lf  serum , 100 U/ml penicillin, 100 pg/ml streptom ycin, and 2mM  L- 
glutamine. Cells were m aintained at 37° C under 5%  CO j until 85-90%  confluency.
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Before treatm ent, cells were harvested by trypsin and resuspended in Hanks balanced salt 
solution (HBSS) without calcium or magnesium.
Cell Synchronization
H C T 116 cells were plated at a density o f  2.0X 106/10m L RPMI 1640 m edium  in a 
100mm tissue culture plate and incubated overnight at 37°C. Plates were incubated for 
tw enty-four hours with thym idine (Sigm a) at a final concentration o f  2mM . S-phase cells 
were washed three times with IX PBS, harv ested by trypsin and resuspended in HBSS 
without calcium  or m agnesium.
N anosecond Pulsed Electric Fields
lx lO 6 H C T 116 cells were placed in 0.1cm gap BioRad gene Pulser©  cuvettes 
(Bio-Rad Laboratories) and pulsed 1, 3, or 5 times w'ith durations o f  60ns or 300ns and 
electric field strength o f  60kV/cm. The 60ns pulse generator includes 5 high voltage 50Q 
cables in parallel, which achieved a 10Q impedance required for m atching the resistance 
o f  the suspension in the cuvettes (42). The 300ns pulse generator is sim ilar to the 60ns 
except that the 5 cables are 5 times longer. Again, the impedance o f  each cable is 50Q, 
which m akes the total impedance the required 10Q.
Detection o f  F-actin and the nucleus by m icroscopy
H C T 116 cells were exposed to the specified nsPEF conditions and dried on slides. 
Cells w'ere fixed for fifteen m inutes at room tem perature in 3.7%  form aldehyde/m edia 
and washed three times in IX  PBS. Rhodam ine phalloidin was incubated for 30 m inutes 
at a concentration o f  6.6(iM and w ashed three tim es in IX  PBS. DAPI (4 ’, 6-diam idine- 
2-phenylindole, dihydrochloride) was added to the cover slip at a concentration o f  
O.Olmg/mL. M icroscope slides were viewed by a Zeiss Axiovert 200 and nuclei areas
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were analyzed by axiovision 4.
Determ ination o f  M em brane Integrity and PS Extem alization by Flow Cytom etry 
H C T 116 cells synchronized to S-phase were exposed to the specified nsPEF 
conditions in the presence o f  2.1pM  Ethidium hom odim er-1 (0.8kDa) (M olecular 
Probes). Annexin V FITC (Alexis Biochem icals) was added post pulse and incubated ten 
minutes according to m anufacturer’s instructions. Cells were analyzed using a Becton- 
Dickinson FA CSCalibur flow cytom eter fifteen m inutes post pulse. Fifteen thousand 
cells were acquired and em ission was collected with interference band pass filter sets for 
(FL1-H) and (FL2-H). Data was analyzed by Cell Quest Pro software for fluorescent 
intensity.
Determ ination o f  Active Caspase by Flow' Cytom etry
H C T 116 cells synchronized to S-phase were treated at specified exposures to 
nsPEF and incubated for 20 m inutes with a fluorescent-labeled, cell-perm eable, 
irreversible caspase inhibitor, FITC-VAD-fm k (Val-Ala-A sp-fluoroethylketone labeled 
with fluorescein isothiocyanate) (Promega). This m arker was used at a final concentration 
o f  20uM  and is specific for the active site o f  the enzyme. Cells were washed in 1 mL 
HBSS and were analyzed using a Becton-D ickinson FACSCalibur flow cytom eter one- 
hour post pulse. Fifteen thousand cells were acquired and emission w'as collected with 
interference band pass filter set for FL2-H. Data was analyzed by Cell Quest Pro software 
for fluorescent intensity.
Percent Ethidium  H om odim er-1 and PS Extem alization Assays
H C T 116 cells were exposed to the specified nsPEF conditions, the sam ple was 
divided for two tim e points, one hour and five hours post pulse. Ethidium  H om odim er-1
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and Annexin V-FITC were added to sam ples Fifty m inutes post pulse and analyzed at one 
hour by using a Becton-D ickinson FACSCalibur flow cytometer. Cells were plated in 
fresh m edium  and incubated at 37°C until ready for harvest at five hours post pulse. At 
five hours Ethidium  H om odim er-1 and Annexin V FITC were added and cells were 
acquired using a Becton-D ickinson FACSCalibur. For all time points fifteen thousand 
cells were acquired and em ission was collected with interference band pass filter sets for 
(FL1-H) and (FL2-H). Data was analyzed by Cell Quest Pro software for fluorescent 
intensity.
Determ ination o f  DNA Fragm entation and Cell Cycle Phases
H C T 116 cells synchronized to S-phase were exposed to nsPEF and plated in fresh 
m edium  until being harvested at four and twenty-four hours post pulse. Cells were fixed 
at designated tim es post pulse in ice-cold 100% ethanol for 30 m inutes and stained with 
propidium  iodide. Fixed cells were underlayed with 0.5mL ice cold FBS and spun at 
1000 rpm for 5 minutes. Cells were washed in lm L  PBS and spun at 1000 rpm for 5 
m inutes. 125pl RNase A was added to the cell pellet and incubated at 37°C for fifteen 
minutes. 125pl PI staining solution (62.5pg) was added and incubated at room 
tem perature for 30 m inutes prior to acquisition. Sam ples were run on a Becton Dickinson 
FA CSCalibur flow cytom eter and analyzed by M odfit LT software or Cell Quest Pro 
software for DNA fragm entation and cell cycle phases.
Determ ination o f  Cell Survival by MTS Assay
Proliferation was m easured by the CellTiter 96* AQueous One Solution Cell 
Proliferation Assay (Prom ega) according to m anufacturer’s instructions. The absorbance 
am ount at 490nm  is directly proportional to the num ber o f  living cells in culture. Briefly,
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20,000 cells were transferred to a 96-well plate in triplicate. The plate was incubated for 
24 hours at 37°C and the M TS solution was added according to the m anufacturer’s 
instructions. The absorbance was read at 490nm one-hour post addition o f  M TS solution. 
D eterm ination o f  Cell Survival by Coulter Counter
H C T 116 cells were synchronized to S-phase. Approxim ately 1X106 H C T 116 cells 
were exposed to the specified nsPEF conditions and brought up to a final volum e o f 1ml 
in fresh medium. H alf o f  the sample was plated in 3ml o f  fresh m edium  for twenty-four 
hours or forty-eight hours. The other ha lf o f  the sam ple was counted on a Beckm an 
Coulter AC T diff™  at thirty m inutes post pulse. Tw enty-four or forty-eight hours post­
pulse, plated samples were harvested and counted for total cell num ber using the 
Beckm an Coulter AC T diff™  .
Graphic Program s and Statistical Analysis
Graphical and statistical analysis w'as perform ed with PSI Plot (Poly Software 
International). Descriptive statistics were utilized to determine arithmetic mean and 
standard error. Probability and significance were determ ined through a paired S tudent’s t- 
test.
Results
S-phase cells exhibit more robust m em brane integrity during nsPEF exposure
To determ ine effects o f  nsPEFs on cells during DNA-synthesis, H C T 116 cells 
were synchronized to S-phase by utilizing a tw enty-four hour thym idine block (Figure 8). 
Figure 8 dem onstrates that with a thym idine block, ninety-five percent o f  H C T 116 cells 
can be synchronized to S-phase.
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hvmidine BlockControl
G2/M : 17.5 ±4. 1  % 
S-P hase  : 48.4 ± 7.2%
G2/M: 3.7 ± .6 % 
S-Phase:95 0 ± 1.4 %
8 -8-
i i
C hannels (FL2-A-FL2-Area)
Figure 8. H C T 116 cells synchronized to S-phase. A, H C T 116 cells with a normal 
distribution o f  DNA content. B, H C T 116 cells blocked in S-phase after treatm ent with 
a twenty-four hour thym idine block. Representation o f  six experiments.
To evaluate effects o f  nsPEFs on the plasm a m em brane, H C T 116 un­
synchronized cells and cells synchronized to S-phase were exposed to three 60ns or 
300ns pulses at 60kV/cm  in the presence o f  ethidium  hom odim er-1, a m arker for plasm a 
mem brane integrity and Annexin V FITC, a m arker for phosphatidylserine 
extem alization, was added post pulse (Figure 9). Cells were then subjected to flow 
cytom etry fifteen m inutes after nsPEF exposure. All pulsed conditions had significantly 
higher fluorescence than non-pulsed cells with the background fluorescence subtracted 
out. The background fluorescence subtracted out for un-synchronized cells were 5.38± 
.44 and 4.83± .26 for ethidium  and annexin, respectively. Background fluorescence 
subtracted out for S-phase cells were 7.96± .41 and 7.05± .43 for ethidium  and annexin, 
respectively. For 60ns pulses, effects on ethidium  hom odim er-1 and Annexin-V
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fluorescence were lower in S-phase cells, although statistical significance was observed 
only for ethidium  hom odim er-1 (Figure 9). For 300ns pulses, these differences were not 
observed, suggesting that these conditions were above an nsPEF threshold for S-phase 
differentiating effects. However, Annexin-V binding was significantly greater in S-phase 
cells as com pared to un-synchronized cells during 300ns pulses, indicating a reversal o f 
S-phase protective responses (Figure 9). Taken together, these results indicate that below 
a threshold (60ns 60kV/cm ) S-phase cells tend to have more robust plasm a m em brane 
structure defined by the lack o f  ethidium  hom odim er-1 uptake and Annexin-V binding. 
However, these S-phase protective effects are abrogated at longer pulse durations (300ns) 
as dem onstrated with the increase in Annexin-V binding, suggesting a different 
m echanism  for these two m em brane markers. 
nsPEF induces a transient m em brane effect in H C T 116 cells
Due to the differences between m em brane m arkers for pulse duration and cell 
cycle phase, we wanted to determ ine if  these m em brane effects were short lived or 
exhibited an after field effect like that observed for classical plasm a m em brane 
electroporation (11). H C T 116 cells were synchronized to S-phase and exposed to 60ns 
60kV/cm  1, 3 or 5 tim es (ethidium  hom odim er-1 and Annexin V FITC were added after 
exposure) and cells were subjected to flow cytom etry at one and five hours post-pulse. 
Cells analyzed five hours post pulses were plated in fresh medium and harvested four and 
a ha lf hours post pulse. Results indicated that one-hour post pulse there was a significant 
increase in ethidium  hom odim er-1 fluorescence as compared to non-pulsed cells (Figure 
10a). Also, PS extem alization one-hour post pulse was significantly higher than non­
pulsed cells (Figure 10b). However, five hours post pulse m em brane effects that differed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
H C T 1 16 C ells
1 1 60ns 60kV/ cm 3 pulses
300ns 60kV cm  3 pulses
Un-synch S-phase Un-synch S-phase Un-synch S-phase Un-synch S-phase
Ethidium Hom odim er-1 Annexin V Binding
Figure 9. S-phase cells exhibit more robust m em brane integrity during nsPEF 
exposure. HCT116 un-synchronized and S-phase cells exposed to 3 pulses at 60ns 
60kV/cm. Cells pulsed in the presence o f  Ethidium  H om odim er-1 and Annexin-V 
FITC added post pulse were subjected to flow cytom etry fifteen m inutes post pulse. 
Fluorescence background from controls w as subtracted out o f  pulsed populations (un- 
synchronized: 5.38± .44 and 4.83± .26 for ethidium  and annexin, respectively; S- 
phase: 7.96± .41 and 7.05± .43 for ethidium  and annexin, respectively). Significant 
differences between un-synchronized cells and S-phase cells designated by asterisks * 
(p<0.05). Graphical representation o f  five experim ents where synchronized cells had 
at least 90%  o f  cells in S-phase.
between pulsed and non-pulsed cells were not observed; both ethidium  hom odim er-1 and 
PS extem alization were significantly lower five hours post pulse (Figures 10a and 10b) 
and were no longer significantly different than non-pulsed cells. There was no
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statistically significant difference between un-synchronized cells and S-phase cells. 
Results were sim ilar for 60ns 60kV/cm 1 and 5 pulse conditions (data not shown).
Due to this putative after field effect, we wanted to determ ine in the same 
experim ent whether ethidium  hom odim er-1 uptake after pulses was com parable to 
pulsing in the presence o f  ethidium. Figure 10c dem onstrates that there is no significant 
difference between pulsing in the presence o f  ethidium  or adding ethidium  ten, thirty, or 
fifty m inutes post three pulses at 60ns 60kV/cm. Based on these findings, an after field 
effect due to nsPEF exposure allows reversible plasm a m em brane effects initiated by 
nsPEFs, which continue after exposure and are attenuated between one and five hours 
post-pulse.
S-phase cells keep a uniformed cytoskeletal structure
Due to the differences between un-synchronized and S-phase cells and this 
apparent after field effect, we next determ ine if  the differences at the plasm a m em brane 
were related to a cytoskeletal structural change. H C T 116 cells un-synchronized and 
synchronized to S-phase were exposed to three 60ns 60kV/cm pulses and three 300ns 
60kV/cm pulses and stained with rhodam ine-phalloidin to detect F-actin. Cells were fixed 
at one and five hours post pulse to slides and the cytoskeletal structures were analyzed by 
fluorescent m icroscopy.
For three 60ns 60kV/cm  pulses, one-hour post pulse (Figure 1 la), the 
cytoskeleton o f  control and S-phase cells exhibited a well-defined peripheral cytoskeletal 
structure. In contrast, unsynchronized cells exhibited a more random, less organized
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Figure 10. nsPEF induces a transient m em brane effect in HCT116 cells. 
H C T 116 un-synchronized and S-phase cells pulsed 3 times at 60ns 60kV/cm  and 
subjected to flow cytom etry 1 and 5 hours post pulse. A, Ethidium  hom odim er-1 
added post pulse at 1 and 5 hours. B, Annexin V FITC binding at 1 and 5 hours. 
Significance between 1 and 5 hours for the each pulsed condition designated by 
asterisks * (p<0.05) and ** (p<0.01). Graphical representation o f  five 
experim ents where synchronized cells had at least 85% o f  cells in S-phase. C, 
H C T 116 cells pulsed in the presence o f  ethidium  or added post pulse at 10, 30, 
or 50 minutes. Graphical representation o f  three experiments.
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Figure 10 Continued
structure near the plasm a m em brane, with blebbed-like structures. For 300ns 60kV/cm 
three pulse condition, both cytoskeletal structures o f  the un-synchronized and S-phase 
cells had a more intense random staining pattern indicating a cytoskeletal change (Figure 
1 la). Interestingly, five hours post pulse for all conditions, the cytoskeletal structures had 
returned to a m ore round uniform staining pattern com parable to control cells (Figure 
1 lb). Thus, for both plasm a m em brane (Figures 9 and 10) and cytoskeletal structures 
(Figure 11) nsPEFs induce S-phase specific effects that are distinct from those observed 
in un-synchronized cells w ithin limited conditions between 60ns and 300ns. Furthermore,
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these effects are reversible between one and five hours post pulse, regardless o f  the pulse 
conditions analyzed here.
H C T 116 S-phase cells have significantly higher am ounts o f  active caspases due to nsPEF 
as compared to un-svnchronized cells
To determ ine if  caspase activation was affected by this apparent difference due to 
cell cycle, H C T 116 cells were synchronized to S-phase and exposed to 300ns 60kV/'cm 
five times. To evaluate levels o f  active caspase, cells were incubated with FITC-VAD- 
fmk, an irreversible inhibitor that binds to the active site o f  caspases. FITC-VA D-fm k 
fluorescence was m easured forty-five m inutes post-pulse for active caspases by flow 
cytometry. Results indicated that cells exposed to nsPEF during S-phase had a 
significantly higher level o f  FITC-VA D-fm k fluorescence than un-synchronized cells 
(Figure 12a). W hen analyzing the percent o f  cells with this fluorescence it was 
determined that S-phase cells did not have a significantly higher percent o f  cells with this 
fluorescence (Figure 12b). These data suggest that nsPEF exposure during S-phase 
increases the caspase activity in cells that exhibit active caspases, but does not increase 
the num ber o f  cells that express activate caspases.
H C T 116 cells have enlarged nuclei and an abnorm al DNA content post pulse
The presence o f  Annexin-V binding and caspase activation suggested that nsPEFs 
induced apoptosis. Since nuclear effects are well characterized as apoptosis markers, we 
next determ ined w hether the nucleus was affected differently when cells were in S-phase 
due to DNA replication. Un-synchronized and S-phase cells were exposed to three pulses 
at 300ns 60kV/cm  and analyzed for nuclei m orphology and DNA content. Nuclei
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Figure 11. S-phase cells keep a uniformed cytoskeletal structure. HCT116 un- 
synchronized and S-phase cells exposed to 3 pulses at 60ns 60kV/cm  and 300ns 
60kV/cm. Cells were stained with rhodam ine-phalloidin A, one and B, five hours post 
pulse and viewed by fluorescent m icroscopy to detect F-actin. Representative picture 
o f  six experim ents where synchronized cells had at least 87% o f  cells in S-phase.
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m orphology was analyzed one and five hours post pulse in cells stained with DAP1, 
viewed by fluorescent m icroscopy, and the nuclei areas were m easured. The nuclei o f  
both un-synchronized (-83 .19  pm") and S-phase (-114 .23  pm 2) cells were significantly 
enlarged (Figure 13a and 13b) to -1 2 9 .5 0 p m 2 and -1 2 4 .4 4 p m 2, respectively. The nuclei 
o f  un-synchronized cells appeared to enlarge to the average size o f  S-phase control 
nuclei. However, five hours post pulse there was no significant difference between non­
pulsed and pulsed un-synchronized or S-phase cell nuclei. However, S-phase nuclei that 
were pulsed were now significantly sm aller than control nuclei (from -1 3 3 .9 3 p m 2 to 
- 1 13.05pm 2) (Figure 13b).
DNA content was then analyzed to determ ine how the cell cycle might be affected 
by nsPEFs. After nsPEF exposure, cells were plated into fresh medium, incubated at 
37°C, and analyzed at four and twenty-four hours post pulse by staining DNA with 
propidium  iodide. It was determ ined that tw enty-four hours post pulse the DNA content 
o f  both un-synchronized and S-phase was abnormal as compared to a non-pulsed normal 
histogram o f  DNA content (Figure 13c). The typical distribution o f  cell cycle phases was
no longer apparent twenty-four hours post-pulse. A normal cell cycle distribution shows 
distinct peaks for Gi and G:/M  phases o f  the cell cycle, tw enty-four hours post pulse 
these peaks were no longer visible for both un-synchronized and S-phase cells exposed to 
300ns 60kV/cm  3 pulses (Figure 13c).
These data indicate that three pulses at 300ns 60kV/cm, nuclei becom e enlarged 
initially (with in one hour) and the cell cycle distribution becom es unclear twenty-four
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Figure 12. H C T 116 S-phase cells have significantly higher amounts o f  active 
caspases due to nsPEF as com pared to unsynchronized cells. HCT116 un- 
synchronized and S-phase cells pulsed 5 tim es at 300ns 60kV/cm. A, FITC- 
VAD-fmk fluorescence determ ined forty-five m inutes post pulse by flow 
cytometry. B, Percent o f  cells with FITC-VA D-fm k fluorescence. Significance 
between S-phase and un-synchronized cells designated by asterisks ** 
(p<0.005). Graphical representation o f  four experim ents where synchronized 
had at least 85% o f  cells in S-phase.
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hours post pulse. This suggests that nsPEF exposure affects the nuclei and consequently 
the DNA o f  cells, an affect which does not appear to be dependent on the cell cycle.
H C T 116 cells in S-phase survive nsPEF exposure
Due to these differences between un-synchronized cells and S-phase cells, we 
next determ ined whether this would affect cell viability. H C T 116 cells were 
synchronized to S-phase and exposed to 1 ,3 , and 5 pulses at 60ns 60kV/cm  and 300ns 
60kV/cm  and subjected to a MTS assay one hour and twenty-four hours post pulse. The 
MTS assay dem onstrated that H C T 116 un-synchronized and S-phase cells continue 
increased metabolic activity over a tw'enty-four hour post pulse period, indicated by an 
increase in absorbance at 490nm (data not shown). The absorbance at 490nm  is directly 
proportional to the num ber o f  living cells in culture due to the MTS solution being 
converted by m itochondrial dehydrogenase enzym es in m etabolically active cells into a 
form azan product. It was only for the 300ns 60kV/cm  3 and 5 pulse conditions twenty- 
four hours post pulse that viable cells were significantly less as com pared to non-pulsed 
cells (Figure 14a). There were no statistically significant differences between un- 
synchronized and S-phase cells. Cells were also counted thirty m inutes, twenty-four 
hours, and forty-eight hours post pulse for total cell number. Sim ilarly to un- 
synchronized cells (58), for the 60ns 60kV/cm 1 and 3 pulse conditions, S-phase cells had 
statistically significant growth between thirty m inutes and tw enty-four hours post pulse 
(Figure 14b). For the 300ns 60kV/cm  1 pulse condition, S-phase cells also had 
significant growth (Figure 14b). S-phase cells at 60ns 60kV/cm 5 pulses and 300ns 
60kV/cm  3 and 5 pulses did not show significant increases in cell num bers twenty-four 
hours post pulse (Figure 14b). However, forty-eight hours post pulse all conditions were
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Figure 13. HCTI 16 cells have enlarged nuclei and an abnormal DNA content post 
pulse. H CTI 16 un-synchronized and S-phase cells exposed to 3 pulses at 300ns 
60kV/cm. A, Representative picture o f  nuclei stained with DAPI with m easured 
areas and B, graphical representation o f  30 -50 nuclei areas at one and five hours. 
Significance between non-pulsed and pulsed cells designated by asterisks * (p<0.05) 
and ** (p<0.01). Cells were also subjected to flow cytom etry and analyzed for DNA 
content. C, Representative histogram  o f  DNA content four and tw enty-four hours 
post pulse. Representations o f  four experim ents where synchronized cells had at 
least 86% o f  cells in S-phase.
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Figure 13 Continued
significantly higher than the cell num bers at thirty m inutes post pulse (Figure 14b), 
suggesting that within the first twenty-four hours post pulse, cell proliferation was 
attenuated. Cell viability becom es reduced at the 300ns 60kV/cm  five pulse condition as 
com pared to all other conditions at forty-eight hours post pulse. Taken together, these 
results indicate that nsPEF exposure at 60ns or 300ns 60kV/cm  conditions inhibit cell 
proliferation, but are not lethal for HCTI 16 either un-synchronized or in S-phase cells 
until the pulse num ber increases especially for the 300ns condition.
Discussion
A recent extension o f  pulsed electric field application to cells and tissues has 
dem onstrated that electric pulses with duration dom ains below m icroseconds have 
selective effects on intracellular structures and functions and lesser effects on the plasm a 
m em brane (11, 42-44). Selective actions on intracellular structures include intracellular 
vesicles in human eosinophils (42), intracellular calcium  storage site(s) including the ER,
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Figure 14. HCTI 16 cells in S-phase survive nsPEF exposure. HCTI 16 
un-synchronized and S-phase cells exposed to 1 ,3 , and 5 pulses at 60ns 
60kV/cm  and 300ns 60kV/cm. A, MTS assay showing 300ns 60kV/cm  3 
and 5 pulse conditions twenty-four hours post pulse. B, HCTI 16 S-phase 
cell num bers by coulter counting 30 m inutes, 24 and 48 hours post pulse. 
Significant differences between 30 m inutes and 24 or 48 hours post pulse 
for each condition tested designated by asterisks *(p<0.01), ** (p<0.05). 
Graphical representation o f  five experim ents where synchronized cells had 
at least 90%  o f  cells in S-phase.
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(11, 13, 44, 59), the nucleus (43, 45), and apoptosis markers that exclude loss o f  
m em brane integrity (9, 10, 58). These effects provide evidence that nsPEFs act as non­
ligand agonist that can initiate functions from plasm a m em brane and/or intracellular 
targets depending on the pulse duration and the electric field (9-12, 58). NsPEFs have 
been shown to induce apoptosis in m am malian cells as judged by two or more apoptosis 
indicators including early m aintenance o f  m em brane integrity, cell shrinkage, PS 
extem alization, caspase activation, DNA fragm entation, and cytochrom e c release from 
the m itochondria into the cytoplasm  (9-12, 45, 47, 48, 58). W hile these studies have been 
conducted with cells in culture, a m ouse fibrosarcom a tumor model in vivo  dem onstrated 
that nsPEFs induced caspase activation and DNA fragmentation as well as reduced tum or 
size (9, 11, 12).
It is clear that nsPEF-induced effects on intracellular structures and functions are 
observed as the pulse duration decreases. However, since nsPEFs are an extension o f  
classical plasm a m em brane electroporation, it is not unreasonable to consider that nsPEFs 
would have effects on the plasm a m em brane, especially as the pulses approach longer 
durations. In fact, Vernier et al. dem onstrated that nsPEFs could externalize PS at the 
plasm a m em brane as a direct electric field effect. Hall et al established in H CTI 16 cells 
that PS extem alization was induced by electric fields directly as well as a p53-dependent 
biological effect dependent on pulse duration. The results presented here further support 
the hypothesis that nsPEF effects on the plasm a m em brane can be biologically dependent 
since S-phase cells exhibit different plasm a m em brane effects than un-synchronized cells 
as defined by ethidium  hom odim er-1 fluorescence and annexin-V binding. Ethidium 
hom odim er-1 fluorescence, an apparent m arker for loss o f  plasm a m em brane integrity
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and PS extem alization, an apparent apoptosis m arker were both reversible with time. 
These cells survived nsPEF exposure out to forty-eight hours post pulse. Thus, uptake o f 
ethidium  hom odim er-1, which lasted for up to one hour, does not specifically indicate 
loss o f  plasm a m em brane integrity; otherw ise the intracellular and extracellular 
environm ent would equilibrate, leading to loss o f  plasm a m em brane potential and 
consequently cell death. A sim ilar result was observed when plasm a m em brane integrity 
was analyzed wdth classical plasm a m em brane electroporation pulses (10). This “after- 
field effect” rem ains to be explained, but m ay involve m em brane interactions with the 
cytoskeleton. Results presented here support this idea because S-phase cells differ from 
un-synchronized cells defined by plasm a m em brane markers (ethidium  hom odim er-1 and 
annexin-V  binding) as w'ell as cytoskeletal structure m easured with the F-actin m arker 
rhodam ine-phalloidin. In this regard, PS extem alization is not a valid apoptosis m arker in 
response to nsPEFs since annexin-V binding is reversed between one and five hours post­
pulse and the m ajority o f  HCTI 16 cells did not die. These results indicate that caution 
should be exercised w'hen interpreting actions o f  plasm a m em brane m arkers in response 
to nsPEFs. They also suggest that nsPEFs could potentially mark cells for phagocytosis 
based on a direct electric field effect possibly w ithout inducing apoptosis.
Surprisingly, nsPEFs induced significantly higher caspase activation in S-phase 
cells as com pared to un-synchronized cells. This suggests that caution should be 
exercised w'hen using caspase activation as an apoptosis m arker and that these proteases 
serve functions other than in apoptotic pathways. Caspases have been showm to be 
involved in non-apoptotic functions in a num ber o f  cell types including T-cell 
proliferation and cell cycle regulation proliferation as w'ell as differentiation in skeletal
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muscle, m acrophages, erythrocytes, and platelets, among others (60). Such caspase 
activity would have to be restricted to a limited num ber o f  substrates in defined 
com partm ents. Likewise, it m ight be expected that caspase inhibitors and/or anti- 
apoptotic proteins would be elevated or up-regulated to prevent extensive caspase 
substrate cleavage. It is possible that elevated caspase activity in S-phase cells may 
indicate a role for these proteases, revealed by nsPEFs, in m aintenance o f  cytoskeletal 
structure during DNA synthesis. Specifically, S-phase cells that exhibited elevated 
caspase activity also displayed lower ethidium hom odim er-1 fluorescence, lower PS 
extem alization, and did not readily loose cytoskeletal structure in response to nsPEF 
exposure. Given the role o f  caspase activity to dism antle the cytoskeleton and other 
intracellular structures, it is possible that the elevated, but limited caspase activity in S- 
phase cells helps m aintain stable cytoskeletal and membrane structures as a protective 
m echanism  in response to potential stresses during DNA synthesis. It is also possible that 
the S-phase increase in caspase activity also may be involved in m odulating nuclear and 
cytoskeletal structures that are required prior to m itosis and cytokinesis.
Caspase activation is often considered the point o f  no return in cell function 
resulting in apoptotic cell death by a positive feedback mechanism. However, it has also 
been suggested that cells are com m itted to death before the execution phase o f  apoptosis 
starts and the m itochondria coordinate this com m itm ent (61). Thus, m itochondrial events 
m ay be early apoptosis-specific cell death indicators in m itochondrial-dependent 
pathw ays and later events in m itochondrial-independent pathways, w hile DNA 
fragm entation is expected to be a late apoptosis m arker in both pathways. Because 
apoptosis can occur wdthout a loss in the mitochondrial m em brane potential, release o f
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cytochrom e c into the cytoplasm  and DNA fragm entation are likely to be consistent 
markers for apoptosis. A lthough m itochondrial-independent pathways are known, release 
o f  cytochrome c can be expected to occur as a later event even in these pathways. In this 
regard nsPEFs have been showm to induce release o f  cytochrome c from the m itochondria 
into the cytoplasm  as a relatively early event (10).
W hile the m itochondria are known to respond to nsPEFs w ith cytochrom e c 
release, it is not clear i f  the m itochondria are prim ary or secondary targets and it is likely 
that nsPEFs can affect m ultiple cellular targets. Several nsPEF cell targets were identified 
in these studies including two plasm a m em brane m arkers, (ethidium  hom odim er-1 and 
annexin-V), a cytoskeletal m arker (F-actin), an enzymatic m arker (caspase activity), and 
a nuclear m arker (DAPI). NsPEFs have been shown to induce DNA fragm entation as an 
apoptotic m arker (11) as well as DNA dam age that appears to be a direct electric field 
effect (45). In agreem ent w'ith the study by Stacey et al. (2003) and Chen et al. (2004), 
the results shown here as an increase in nuclear size suggests that the nucleus is a direct 
target for nsPEFs in HCTI 16 cells. Furthermore, nuclear dam age was suggested by the 
uncommon DNA profile on flow cytom etry and the delay in proliferation following 
exposure to nsPEF as the pulse conditions increase in pulse duration and number. Given 
the hypothesis and supporting data (10, 11) that as the pulse durations decrease, effects 
occur more selectively on intracellular structures and functions, and as the pulse 
durations increase, effects on the plasm a m em brane are recruited; it is likely that pulses 
with shorter durations have fewer targets and pulses with longer durations have more 
targets including the plasm a membrane. Given that the pulse conditions reported here are 
generally greater in duration, electric field, and num ber than previously reported from
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this group, m ultiple target recruitm ent is consistent with the hypothesis for nsPEF- 
induced effects. However, these conditions are below the threshold for significant 
apoptosis induction, suggesting that higher electric fields are required for nsPEFs to 
induce apoptosis in HCTI 16 cells. Studies in progress indicate that greater pulse numbers 
for 60ns 60kV/cm  and 300ns 60kV/cm  are required for lethality in HCTI 16 cells.
Responses recruited by nsPEFs are cell type specific (11, 45, 46). There are two 
generalizations for cell-type specific nsPEF-induced effects that have been defined. First, 
nsPEF-induced cell effects are not cell size-dependent as shown for classical plasm a 
m em brane electroporation where larger cells are more readily affected (38). W hile a 
well-controlled, extensive study has not been carried out for in vitro cell types that have 
been investigated, nsPEFs effect on the plasm a m em brane are more readily dem onstrated 
in sm aller cells com pared to larger cells (11, 46). Second, for a num ber o f  cell types 
tested, adherent cells have higher threshold for nsPEF-induced effects than cells that 
grow' in suspension (45). HCTI 16 cells, which are adherent cells, follow' this 
generalization.
The results presented here indicate that nsPEF have differential effects on cells 
that are synchronized to S-phase as compared to un-synchronized cells. S-phase cells 
have more robust m em brane and cytoskeletal structures and greater levels o f  caspase 
activity. Regardless o f  cell cycle phase, HCTI 16 cells exhibit nsPEF-induced increases in 
nuclear size and cell survival. Based on these studies it appears that effects nsPEF on 
cells during DNA synthesis is different than in un-synchronized cells but effects 
m easured on cell survival appear to be similar.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
72
CHAPTER IV
NSPEFs INDUCE APOPTOSIS IN HCTI 16 COLON CARCINOMA CELLS 
Abstract
Nanosecond pulsed electric fields (nsPEFs) are ultra-short (tens to hundreds o f  ns), 
high electric field (tens o f  kV/cm), high pow er (tens o f  m egawatts), non-therm al (J/cc) 
pulses that extend plasm a m em brane electroporation to m odulate intracellular structures 
and functions. Previous work with nsPEFs dem onstrated apoptosis induction in 
suspension cells such as HL60 and Jurkat cells, how'ever, the adherent cell line HCTI 16 
required more intense conditions for apoptosis induction which was met by m ultiple 
nsPEF exposure. To determine roles for p53 in nsPEF-induced apoptosis,
H CTI 16p53+/+ and HCTI 16p53-/- colon carcinom a cells were exposed to m ultiple 
pulses with electric fields o f  60kV/cm  with either 60ns or 300ns durations. Under nsPEF 
conditions that induced approxim ately 50% cell death, apoptosis m arkers were observed 
including decreased mitochondrial function and increased levels o f  Bax, cytochrom e c, 
active caspases, fragmented DNA, and reduced forward light scatter (cell shrinkage). 
There were fewer Bax-positive cells than cytochrom e c-positive cells, suggesting B ax- 
independent m echanism s for cytochrom e c release. Only cells that expressed increased 
levels o f  Bax or cytochrom e c exhibited cell shrinkage. W hen exposed to nsPEFs 
HCTI 16p53-/- cells had significantly higher Bax levels and becam e significantly sm aller 
in size compared to HCTI 16p53+/+ cells. These results dem onstrate that nsPEFs act as a 
non-ligand agonist to induce apoptosis in HCTI 16 cells by utilizing m itochondrial 
m echanism s that lead to caspase activation and cell death, including p53- and Bax- 
dependent and -independent pathways. This study dem onstrates that nsPEFs induce
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biological responses and direct responses to the electric fields at the plasm a membrane. 
Introduction
Apoptosis or program m ed cell death is an essential, evolutionarily conserved, 
series o f  events and m echanism s that ensure dam aged cells do not replicate to the next 
generation. A poptosis can be induced by several extra- and intra-cellular stimuli 
including natural ligands, ultraviolet light, chem icals, y-irradiation, oxidative stresses and 
other stress such as application o f  nanosecond pulsed electric fields (nsPEFs). These 
stimuli initiate signaling cascades that disassem ble the cell and identify it as apoptotic for 
removal by phagocytosis. This results in distinctive phenotypes that include m aintenance 
o f  m em brane integrity, phosphatidylserine (PS) extem alization, activation o f  pro- 
apoptotic proteins such as Bax, cytochrome c release from m itochondria, activation o f 
caspase proteases, cell shrinkage, and DNA fragm entation (14, 21). Two m ajor apoptotic 
programs include the extrinsic and intrinsic pathways. The extrinsic pathw ay is best 
characterized through activation o f  death receptors (e.g. Fas receptor), which can follow 
two different pathways. In some cells (type I) caspase-8 directly activates caspase-3 
without direct m itochondrial involvement. In other cells (type II) caspase-8 cleaves Bid, 
which induces cytochrom e c release from the m itochondria (14, 21). The intrinsic 
pathw ay is dependent on mitochondrial involvem ent that releases cytochrom e c into the 
cytoplasm and leads to caspase activation. Here we investigate nsPEF-induced apoptosis 
in HCTI 16 human colon carcinom a cells that are w ildtype and null for p53 and focus on 
m echanism s that are related to the intrinsic pathway. We focus on the intrinsic pathway 
for several reasons; first, we hypothesized that nsPEFs prim arily target intracellular 
structures and functions at the nucleus, m itochondria, and/or the endoplasm ic reticulum.
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This would m ost likely activate the intrinsic apoptosis pathway. Second, previous studies 
with nsPEFs effects on Jurkat and HL-60 cells indicated that apoptosis included release 
o f  cytochrom e c from the m itochondria into the cytoplasm  (10). Finally, since evidence 
suggests that nsPEFs can dam age DNA (43, 45), we were interested to determ ine 
potential roles for p53 in nsPEF-induced apoptosis because p53 is a sensor at the genomic 
level and is implicated in activation o f  the intrinsic apoptosis pathw ay (18).
P53, nicknam ed “ the guardian o f  the genom e”, can be involved in apoptotic 
induction (5, 26, 49, 50). P53 is a transcription factor and can exhibit both transcription- 
dependent and -independent m echanism s for apoptosis induction. It is typically 
m aintained at low' levels until a genotoxic stim ulus induces a signal cascade that 
stabilizes the protein (26, 27). Once p53 is stabilized it can activate transcription o f  genes 
involved in transient grow'th arrest, perm anent cell cycle exit, senescence, term inal 
differentiation, or apoptotic cell death. For apoptosis induction, p53 increases 
transcription o f  pro-apoptotic genes such as Bax. P53 stabilization also results in 
translocation o f  Bax to the mitochondria. The m olecular m echanism  by w hich p53 
induces apoptosis independent o f  transcription appears to utilize nucleus-to-m itochondria 
signaling involving direct binding o f  p53 to anti-apoptotic proteins, thereby inhibiting 
anti-apoptotic m echanism s that suppress Bax-mediated pore form ation and cytochrom e c 
release (53). The p53-m ediated transcriptional activation o f  Bax further prom otes this 
mechanism. Once cytochrom e c is in the cytoplasm  it binds with caspase-9 and Apaf-1 to 
form the apoptosom e (14). Caspase-9 is activated in the assem bly and begins the caspase 
cascade that activates the effecter caspases eventually leading to DNA fragm entation and 
cell death (14).
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Som e cancer cells show signs o f  a non functional apoptotic pathw ay allowing 
cells to replicate w'ithout checkpoints. It is vital that an apoptotic pathw ay be restored to 
cancer cells in order to eliminate them and prevent metastasis. For tum ors that have non­
functional or dysregulated apoptotic m echanism s, there are current therapeutic strategies 
to reintroduce apoptosis pathways into cancer cells or to restore p53 functions that are 
deficient in cancer cells (4). A new technique to induce apoptosis is exposure o f  cancer 
cells to nanosecond pulsed electric fields (nsPEF) to activate intracellular signal 
m echanism s that lead to apoptotic cell death (9, 11). In the studies reported here w'e 
investigate the pathways and m echanism s for nsPEFs to recruit apoptosis program s in 
hum an colon carcinom a cells.
Cells act as a conductive body (cytoplasm ) surrounded by a dielectric layer 
(plasm a m em brane), w'hich acts as a capacitor to separate ion com position and ion 
charges on either side o f  the m em brane (37). W hen electric fields are applied to cells the 
current causes accum ulation o f  electric charges and consequently a voltage across the 
plasm a m em brane (38). Electroporation with pulse durations in the range o f  
m icroseconds to m illiseconds occurs w'hen a voltage o f  approxim ately IV  is generated 
across the plasm a m em brane. Electroporation induces structural changes related to 
m em brane charging that are believed to cause the formation o f  pores or aqueous channels 
in the plasm a m em brane (39-41). These pulses have been used in drug therapies and as a 
basic science tool under conditions where the electric field and/or the pulse duration 
aren’t excessive and do not induce cell death, so in m ost o f the cells the pores re-seal and 
the cells survive.
Recently we have developed a new technology referred to as Bioelectrics. This is
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an interdisciplinary field, which brings together pulse power technology, physics, 
biology, and m edicine. As a dram atic extension o f  classical plasm a m em brane 
electroporation, B ioelectrics include unique conditions that apply high voltage, high 
power, low energy pulses with durations in the nanosecond range (nsPEFs) to cells and 
tissues (54). These ultra-short pulses tend to create large transm em brane potentials across 
intracellular m em branes with lesser effects on the plasm a membranes. The response o f  
cells to nsPEFs can be quite different than cell responses to classical plasm a m em brane 
electroporation (10, 55). The first description o f  selective intracellular effects o f  nsPEF 
was indicated by nsPEF-induced entrance o f  calcien into intracellular granules w ithout 
disruption o f  the plasm a m em brane in calcien-loaded human eosinophils (42).
Intracellular effects o f  nsPEFs also include m aintained plasm a m em brane integrity, the 
release o f  calcium  from the endoplasm ic reticulum  in HL-60 cells followed by 
capacitative entry o f  calcium  through pore-operated channels (44). O ther studies 
determined that this calcium  release occurred in bursts within m illiseconds o f  nsPEF 
exposure in Jurkat cells (13). M ore recently Tekle et al. (2005) dem onstrated that large 
endocytosed vacuoles in COS-7 cells were selectively perm eabilized with little effect on 
the integrity o f  outer cell membrane. These responses are below the threshold for 
apoptosis. As electric fields are increased thresholds for apoptosis induction are reached 
in a cell-type specific manner.
NsPEFs have been shown to induce apoptosis as defined by a num ber o f  m arkers 
that include involvem ent o f  m itochondria and cytochrom e c release (9-12). It has also 
been shown that nsPEFs can induce DNA fragm entation and caspase activation in a 
tum or model as well (11, 12). There is also evidence that nsPEFs may cause direct
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
dam age to the nucleus and/or DNA (43, 45). These studies suggest that nsPEFs induce 
cytochrom e c-dependent apoptosis that includes the m itochondria and/or nucleus as a 
prim ary and/or secondary target (9).
These previous studies indicate that nsPEFs can induce apoptosis in m any 
different cancer cells lines by targeting intracellular structures like the nucleus or 
m itochondria (9-12, 45, 47, 48). Interestingly, HCTI 16 cells exhibited apoptotic m arkers 
in response to nsPEFs including PS extem alization and caspase activation w ithout 
decreased cell survival (58). These results indicate that these nsPEF conditions were 
below the threshold for apoptosis induction in these cells. Here we dem onstrate that 
m ultiple exposures o f  nsPEF induce cell death and disrupt m itochondrial function in 
HCTI 16 cells. These m ultiple pulses induce significant increases in levels o f  Bax, 
cytochrom e c, caspase activity, DNA fragm entation, and also significant cell shrinkage. 
HCTI 16p53-/- cells have significantly higher num bers o f  Bax expressing cells and 
becom e significantly sm aller in size as compared to HCTI 16p53+/+ cells. This thesis 
continues to show the use o f  nsPEFs as a biological tool for m odulating intracellular 
structures and functions as well as structures in the plasm a m em brane and is the first 
report to show nsPEF apoptosis induction in HCTI 16 cells.
Methods 
Cell lines
Hum an colon carcinom a cells, HCTI 16p53+/+ and HCTI 16p53-/-, were grown in 
RPM I 1640 supplem ented with 10% fetal ca lf  serum, 100 U/ml penicillin, 100 pg/ml 
streptom ycin, and 2mM L-glutamine. Cells were m aintained at 37° C with 5% CO : until 
reaching 85-90%  confluency. Before treatm ents, cells were harvested by trypsin and
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resuspended in Hanks balanced salt solution (HBSS) without calcium  or m agnesium. 
Nanosecond Pulsed Electric Fields
Cells were placed in 0.1cm gap BioRad gene Pulser® cuvettes (Bio-Rad 
Laboratories) and pulsed with both 60ns or 300ns durations and electric field strength o f  
60kV/cm. The 60ns pulse generator includes 5 high voltage 50Q cables in parallel, 
which achieved a 10Q impedance required for m atching the resistance o f  the suspension 
in the cuvettes (42). The 300ns pulse generator is sim ilar to the 60ns except that the 5 
cables are 5 tim es longer. Again, the impedance o f  each cable is 50Q, which m akes the 
total im pedance the required 10Q.
Determ ination o f  Cell Survival by Coulter Counter
Approxim ately 1X106 HCTI 16 cells were exposed to the specified nsPEF 
conditions and in 5ml fresh medium. Tw enty-four hours post-pulse, plated sam ples were 
harvested and counted for total cell num ber using the Beckman Coulter AC T diff™  . 
Determ ination o f  M itochondrial Function by MTS Assay
5LM itochondrial function was m easured by the CellTiter 96 AQueous One 
Solution Cell Proliferation Assay (Prom ega) according to m anufacturer’s instructions. 
Briefly, 1 X 106 HCTI 16 cells were exposed to specified pulses and 20,000 cells were 
transferred to a 96-well plate in triplicate. The plate was incubated for 1 or 24 hours at 
37°C and the M TS solution was added according to the m anufacturer’s instructions. The 
absorbance was read at 490nm  one-hour post addition o f  MTS solution.
D eterm ination o f  Cytochrom e c release by flow cytom etry
HCTI 16p53+/+ and H CTI 16p53-/- cells were exposed to specified nsPEF 
conditions and analyzed by flow cytom etry one and five hours post pulse. Cells analyzed
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at five hours post pulse were plated in fresh medium and harvested with trypsin before 
antibody incubations. Post pulse cells were incubated with a monoclonal anti­
cytochrome c antibody for thirty m inutes and washed with 1ml 1 X PBS. Cells were then 
incubated with Alexa Fluor®  488 goat anti-m ouse (M olecular Probes) for thirty m inutes 
and washed again with 1 X PBS. Cells were analyzed using a Becton-Dickinson 
FACSCalibur flow cytom eter at the indicated tim e points. Fifteen thousand cells were 
acquired and em ission was collected with interference band pass filter sets for (FL1-H) 
and (FL2-H). Data was analyzed by Cell Quest Pro software for fluorescent intensity. 
Determ ination o f  Bax and Bcl-2 by flow cytom etry
HCTI 16p53+/+ and HCTI 16p53-/- cells were exposed to specified nsPEF 
conditions and analyzed by flow cytom etry one and five hours post pulse. Cells analyzed 
at five hours post pulse were plated in fresh m edium  and harvested with trypsin before 
antibody incubations. 1 X 106 cells were incubated with a monoclonal anti-Bax antibody 
(BD Biosciences) and a Phycoerythrin conjugated Bcl-2 antibody (BD Biosciences) for 
thirty minutes. Cells were washed with 1ml 1 X PBS and incubated with an Alexa 
Fluor® 488 goat anti-m ouse (M olecular Probes) antibody for thirty m inutes as the 
secondary for the Bax antibody. Cells were washed again with 1 X PBS and analyzed 
using a Becton-D ickinson FA CSCalibur flow cytom eter at the indicated time points. 
Fifteen thousand cells were acquired and em ission was collected with interference band 
pass filter sets for (FL1-H) and (FL2-H). Data was analyzed by Cell Quest Pro software 
for fluorescent intensity.
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Determ ination o f  Active Caspase by Flow Cytom etry
HCTI 16 cells were exposed to specific nsPEF conditions and incubated for 20 
m inutes with a fluorescent-labeled, cell-perm eable, irreversible caspase inhibitor, FITC- 
VAD-fmk (Valine-A lanine-Aspartic A cid-fluoroethylketone labeled with fluorescein 
isothiocyanate) (Prom ega). This m arker was used at a final concentration o f  20pM  and is 
specific for the active site o f  the enzyme. Cells were washed in 1 mL HBSS and were 
analyzed using a Becton-D ickinson FA CSCalibur flow cytom eter one-hour post pulse. 
Fifteen thousand cells were acquired and em ission was collected with interference band 
pass filter set for FL2-H. Data was analyzed by Cell Quest Pro software for fluorescent 
intensity.
Determ ination o f  Apoptotic DNA by TU NEL assay
H CTI 16p53+/+ and HCTI 16p53-/- cells were exposed to specified nsPEF 
conditions and analyzed for DNA fragm entation utilizing the APO-BrdU™  TUNEL 
Assay Kit (M olecular Probes) according to the m anufacturers instructions. Briefly, pulsed 
cells were fixed in 1% (w/v) paraform aldehyde, washed in PBS, and added to 70% ice 
cold ethanol. Cells were centrifuged to rem ove the ethanol, washed, and incubated with 
the DN A-labeling solution for one hour at 37°C. Cells were rinsed and incubated with 
the antibody staining solution for thirty m inutes at room temperature. Cells were then 
added to cham bered slides and incubated with the propidium  iodide/RNase A staining 
solution for thirty m inutes at room temperature. M icroscope slides were viewed by a 
Zeiss Axiovert 200 and analyzed by axiovision 4.
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Determ ination o f  cell size by flow cytom etry
HCTI 16p53+/+ and H CTI 16p53-/- cells were exposed to specified nsPEF 
conditions and analyzed for forward light scatter fifteen m inutes post pulse using a 
Becton-D ickinson FA CSCalibur flow cytom eter. Fifteen thousand cells were acquired 
and em ission was collected with interference band pass filter set for forward light scatter. 
Data was analyzed by Cell Quest Pro software for fluorescent intensity.
Graphic Program s and Statistical Analysis
Graphical and statistical analysis was perform ed with PSI Plot (Poly Software 
International). Descriptive statistics were utilized to determ ine arithmetic mean and 
standard error. Probability and significance were determ ined through a paired Student’s t- 
test.
Results
M ultiple Nanosecond Pulsed Electric Field Exposures Induce Cell Death
We previously dem onstrated effects o f  nsPEFs on HCTI 16p53+/+ and p53-/- 
cells using one, three and five 60 or 300ns pulses at 60kV/cm. Under these conditions we 
did not reach the threshold for significant apoptosis as had been dem onstrated in HL-60 
and Jurkat cells. In order to determ ine the death threshold o f  m ultiple nsPEF exposures, 
HCTI 16 p53+/+ and HCTI 16p53-/- cells were exposed to 10, 20, 30, 40 and 50 pulses at 
60ns and 60kV/cm  as well as 5, 10, 20, and 30 pulses at 300ns 60kV/cm. Cell survival 
was analyzed at tw enty-four hours post pulse by utilizing a coulter counter for total cell 
numbers. Results indicate that tw enty-four hours post pulse there was a pulse number- 
dependent decrease in cell num bers, but only cells exposed to fifty 60ns pulses at 
60kV/cm had a significantly reduced cell num bers for both cell lines as com pared to
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control, non-pulsed conditions (Figure 15a, b). Under this condition there was 
approxim ately a 50%  reduction in cell numbers, thus approxim ating a lethal “dose” for 
50% cell death (LD50) for these cell lines that was independent o f  p53. There was also a 
pulse num ber dependent decrease in cell num ber for cells exposed to the 300ns 60kV/cm  
m ultiple pulse conditions and all had significantly reduced cell num bers com pared to 
control, non-pulse conditions (Figure 15a, b). Five pulses under these conditions 
represent an approxim ate LD50. This too was independent o f  p53 because there were no 
significant differences between HCTI 16p53+/+ and HCTI 16p53-/- cell lines.
M ultiple Nanosecond Pulsed Electric Field Exposures Disrupt M itochondrial Function 
Another m ethod for determ ining cell viability is the MTS assay, which uses 
m itochondrial function as an indicator o f  viability. However, previous experim ents w ith 
HL-60 and Jurkat cells indicated that nsPEFs induced m itochondrial-dependent 
apoptosis. Thus, it was possible that the MTS assay may be a better indicator o f  
m itochondrial function than cell survival for conditions that stress the m itochondria, 
especially at early tim es post pulse. To determ ine if  cell death correlated with 
mitochondrial function, HCTI 16p53+/+ and HCTI 16p53-/- cells were exposed to the 
same conditions as in Figure 15 and analyzed by M TS assays at one and tw enty-four 
hours post pulse. In general there was a pulse num ber-dependent reduction in 
mitochondrial function for both 60 and 300ns conditions. At one-hour post pulse 
HCTI 16p53+/+ cells began to have significantly reduced m itochondrial function at the 
60ns 60kV/cm  30-pulse condition (Figure 16), while cell num ber was unaffected.
HCTI 16p53-/- cells began to have significantly reduced m itochondrial function at 60ns
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Figure 15. M ultiple Nanosecond Pulsed Electric Field Exposures 
Induce Cell Death. A, H CT116p53+/+ and B, H CT116p53-/- 
cells were exposed to 10, 20, 30, 40, and 50 pulses at 60ns 
60kV/cm  and 5, 10, 20, and 30 pulses at 300ns 60kV/cm . Cells 
were exposed to staurosporine as a positive control. Cells were 
counted for cell viability tw enty-four hours post pulse. 
Significance between pulsed cells and non-pulsed cells are 
indicated by asterisk (* p< 0.05). Graphical representation o f  five 
experiments.
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60kV/cm  20-pulse condition without an effect on cell num ber (Figure 16). Thus, cells 
that lacked p53 exhibited decreased m itochondrial function before p53+/+ cells, 
suggesting a greater sensitivity to nsPEFs. All the 300ns 60kV/cm  pulse conditions had 
significantly decreased m itochondrial function as compared to controls and no 
differences were noted between cell lines.
In data not shown, tw enty-four hours post pulse the M TS assay was in relatively 
good agreem ent with results from cell counts. For both assays there was a pulse num ber- 
dependent decrease in viability. However, using the M TS assay as a viability test 
indicated significantly reduced viability for 60ns 60kv/cm  at 30 and 40 pulses while cell 
counts did not identify significantly reduced viability until 50 pulses. Tw enty-four hours 
post pulse for all 300ns 60 kV/cm conditions no differences were noted between cell 
counts and the MTS assay and all were significantly lower than control. Taken together 
these data suggest that m ultiple nsPEF exposures decrease m itochondrial function and 
lead to cell death indicated by fewer cells present.
Based on the death threshold and m itochondrial function assays we decided to use 
the 60ns 60kV/cm  50 pulses and 300ns 60kV/cm  10 pulses conditions for the rest o f  our 
experiments. These conditions, which represented a 5-fold-increase in pulse duration that 
was com pensated for by a 5-fold increase in pulse num ber, were nearly equivalent and 
resulted in an approxim ate 50% decrease in viability 24 hours post-pulse.
M ultiple exposures o f  nsPEF induce cytochrom e c
These results indicated that one-hour post pulse the M TS assay appeared to be a 
reasonable indicator o f  m itochondrial dysfunction that led to cell death in 50% o f  the 
cells by 24 hours. However, because the MTS assay is generally used as a viability assay,
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Figure 16. M ultiple Nanosecond Pulsed Electric Field Exposures Disrupt 
M itochondrial Function. A, HCTI 16p53+/+ and B, HCT116p53-/- cells were 
exposed to 10, 20, 30, 40, and 50 pulses at 60ns 60kV/cm  and 5, 10, 20, and 30 
pulses at 300ns 60kV/cm. Cells were exposed to staurosporine as a positive 
control. A bsorbance at 490nm was read on hour after MTS solution was added. 
Significance between pulsed cells and non-pulsed cells are indicated by 
asterisk * (p< 0.05). Significance between HCTI 16p53+/+ and HCTI 16p53-/- 
cells indicated by asterisks ** (p<0.04). Graphical representation o f  five 
experiments.
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it was o f  interest to determine if  there was a m itochondrial-dependent involvem ent in cell 
death using cytochrom e c as an apoptosis marker. Thus, HCT116p53+/+ and 
H CT116p53-/- cells were exposed to nsPEF and analyzed for cytochrom e c fluorescence 
by flow' cytom etry one and five hours post pulse. No significant changes in cytochrom e c 
fluorescence were observed for either cell line w ith either nsPEF condition one-hour post 
pulse (data not showm). However, significant increases in cytochrom e c fluorescence 
were noted five-hours post pulse. Figure 17a represents a typical experim ent analyzing 
cytochrom e c expression on the X -axis five hours post pulse and Figure 17b shows 
graphical representation o f  results from four separate experiments. The increase in 
cytochrom e c fluorescence w'as determ ined by flow' cytom etry to indicate an increase in 
the num ber o f  cells that expressed cytochrom e c (Figure 17b). For the 60ns 60kV/cm  
condition, in contrast to the 300ns 60kV/cm  condition, there was a not significant 
increase in the num ber o f  cells exhibiting cytochrom e c fluorescence as com pared to 
control cells five hours post pulse (Figure 17b). For the 300ns 60kV/cm  10-pulse 
condition, the num ber o f  HCT116p53+/+ and H CT116p53-/- cells exhibiting cytochrom e 
c fluorescence significantly increased 2-3 fold (Figure 17b). Taken together these data 
suggest nsPEF exposure induces significant cytochrom e c release from the m itochondria 
in a p53-independent manner.
Bax but not Bcl-2 levels increase due to m ultiple exposures o f  nsPEF
W hile there is some controversy in the specific m echanism s for cytochrom e c 
release from the m itochondria into the cytoplasm , pro-and anti-apoptotic Bcl-2 family 
mem bers are likely involved. Thus, we determ ined whether changes in Bax and Bcl-2 
levels were observed in response to nsPEF and if  differences depended on the presence or
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Figure 17. M ultiple exposures o f  nsPEF induce cytochrom e c. H CT116p53+/+ 
and H C T 116p53-/- cells were exposed to 50 pulses at 60ns 60kV/cm  and 10 pulses 
at 300ns 60kV/cm  and analyzed for cytochrom e c release by flow cytom etry five 
hours post pulse. A, Representative contour plot indicating cytochrom e c release 
with a shift to the lower right quadrant. B, Graphical representation o f  four 
experiments. Significance between pulsed cells and non-pulsed cells indicated by 
asterisk (* p< 0.05 and ** p<0.005).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
absence o f  p53. H CT116p53+/+ and HCT116p53-/- cells were exposed to m ultiple 
exposures o f  nsPEF and analyzed for Bax and Bcl-2 expression by flow cytom etry one 
and five hours post pulse. One hour post pulse, there was not a significant increase in the 
num bers o f  cells expressing Bax or Bcl-2 for both cell lines at the 60ns 60kV/cm  50 pulse 
and 300ns 60kV/cm  10 pulse conditions (data not shown).
Figure 18a represents a typical flow cytom etry experim ent showing Bcl-2 and 
Bax fluorescence on the Y- and X-axis, respectively five-hour post pulse and Figure 18b 
shows a graphical representation o f  results from five experim ents. No significant changes 
were observed for Bcl-2 expression in either cell type or for either o f  the nsPEF 
conditions tested (data not shown). In contrast, significant increases in Bax expression 
were observed for both cell lines at the 300ns 60kV/cm  10 pulse condition (Figure 18b). 
The 60ns 60kV/cm 50 pulse condition was insufficient to cause an increase in Bax 
expression five hours post pulse in either cell type. Furtherm ore, for the 300ns conditions, 
there was a significantly higher amount o f  Bax expression in the H CT116p53-/- as 
compared to the H CT116p53+/+ cells. Taken together these data suggest that m ultiple 
exposures o f  nsPEF induce significant Bax expression w ithout changes in Bcl-2 levels 
and it is likely that increased Bax expression is related, at least in part, to cytochrom e c 
release.
Increased fluorescence o f  cytochrom e c and Bax are correlated with decreased cell size
The release o f  cytochrom e c into the cytoplasm  is a reliable apoptosis m arker 
given our understanding o f  this m olecule in the cytoplasm  for formation o f  the 
apoptosom e and activation o f  caspase-9 and then caspase-3. One o f  the well- 
characterized m orphologic apoptotic m arkers is reduced cell size, which has been
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Figure 18. Bax but not Bcl-2 levels increase due to m ultiple exposures o f 
nsPEF. HCT116p53+/+ and HCT116p53-/- cells were exposed to 50 
pulses at 60ns 60kV/cm  and 10 pulses at 300ns 60kV/cm  and analyzed for 
Bax and Bcl-2 levels by flow cytom etry five hours post pulse. A, 
Representative contour plot indicating increasing Bax levels with a shift to 
the lower right quadrant. B, Graphical representation o f  five experiments. 
Significance between pulsed cells and non-pulsed cells indicated by 
asterisk (* p<0.05 and ** p<0.005). Significance between H C Tl 16p53+/->- 
cells and H C Tl 16p53-/- cells indicated by asterisk (* p<0.05).
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correlated with a decrease in forward light scatter by flow cytom etry in apoptotic 
cells. In Figure 19a, we show that cells exhibiting high levels o f  cytochrom e c also 
exhibited decreased forward light scatter five hours post pulse. Figure 19b shows that 
increased expression o f  Bax is also correlated with a decrease in forward light scatter five 
hours post pulse. For correlations o f  both cytochrom e c and Bax with decreased forward 
light scatter, 300ns conditions produced greater effects for both cell types (Figure 19a and 
b). Thus these populations o f  cells revealed coordinated apoptotic m arkers at the 
biochem ical level (cytochrom e c and Bax) and m orphologic levels (decreased cell size). 
H C Tl 16p53-/- cells have a greater decrease in cell size than H CTl 16p53+/+ cells when 
exposed to m ultiple nsPEFs
As shown in Figure 19 a decrease in cell size is a well characterized m arker for 
apoptosis. To determ ine if  cell size is affected at an earlier time point than five hours post 
pulse, H C Tl 16p53+/+ and H C Tl 16p53-/- cells were exposed to 60ns 60kV/cm  50 times 
and 300ns 60kV/cm  10 tim es and analyzed by flow cytom etry for forward light scatter 
fifteen m inutes post pulse. Results indicate that both pulsing conditions cause both cell 
lines to shrink as indicated by a shift to the left on the histogram (Figure 20a). Figure 20b 
is a graphical representation o f  all experim ents showing statistical significance. Results 
indicate that the H C Tl 16p53-/- cells have a greater decrease in cell size as com pared to 
H C Tl 16p53+/+ cells for both the 60ns and 300ns conditions (Figure 20b). These results 
indicate that m ultiple nsPEF exposures induce a significant decrease in cell size as early 
as fifteen m inutes post pulse and that p53 has a shielding effect in this m echanism .
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Figure 19. Increased fluorescence o f  cytochrom e c and Bax are correlated 
with decreased cell size. HCT116p53+/+ and HCT116p53-/- cells were 
exposed to 50 pulses at 60ns 60kV/cm and 10 pulses at 300ns 60kV/cm  and 
analyzed for forward light scatter correlating with A, Bax or B, cytochrom e c 
release five hours post pulse. Representative plot from five experiments.
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Figure 20. H CT116p53-/- cells have a greater decrease in cell size than 
H C Tl 16p53+/+ cells when exposed to m ultiple nsPEFs. HCT116p53+/+ 
and H C Tl 16p53-/- cells were exposed to 50 pulses at 60ns 60kV/cm  and 
10 pulses at 300ns 60kV/cm  and analyzed for forward light scatter fifteen 
m inutes post pulse by flow cytometry. A, Representative histogram  o f  a 
decrease in forward light scatter indicated with a shift to the left. B, 
Graphical representation o f  five experiments. Significance between 
HCT116p53+/+ and HCT116p53-/- cells indicated by asterisk * and 
corresponding p-values.
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M ultiple Nanosecond Pulsed Electric Field Exposures induce a significant Caspase 
activation
Given that the num ber o f  Bax expressing cells was greater than the num ber o f 
Bcl-2 expressing cells and cytochrom e c was elevated, it was o f  interest to determ ine if 
caspases were active as well. Figure 21 shows experim ents that m easured the intensity 
and the num ber o f  cells expressing active caspases using FITC-VAD-fm k, an irreversible 
inhibitor that binds to the active site o f  several caspases. H CTl 16p53+/+ and p53-/- cells 
were exposed to 60ns 60kV/cm  50 pulses and 300ns 60kV/cm 10 pulses and analyzed 
forty-five m inutes post pulse by flow cytom etry for caspase activation. Results indicate 
that for both cell lines and all pulse conditions there is a significant increase in caspase 
activation (Figure 21a). W hen analyzing the same cell populations for percent o f  cells 
with caspases active, it was determined that roughly fifty percent o f  the cells pulsed have 
active caspases (Figure 21b). There were no significant differences between cell lines or 
pulsing conditions.
M ultiple exposures o f  nsPEF induce DNA fragm entation
These results suggest that nsPEFs induce an apoptotic pathw ay that utilizes 
cytochrom e c release from the m itochondria to activate caspases. It was therefore o f  
interest to determ ine if  caspase-dependent m arkers could be observed. Apoptotic DNA 
breaks expose 3 ’-hydroxyl ends that can be incubated with terminal deoxynucleotidyl 
transferase, which adds deoxyribonucleotides in a tem plate-independent manner. This 
incorporates a BrdUTP label into the ends o f  the DNA. Once incorporated into the DNA, 
they are view ed by staining with an antibody that will fluoresce green. The nuclei are 
stained with propidium  iodide as a control to ensure nuclei are being viewed.
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Figure 21. M ultiple nanosecond pulsed electric field exposures induce a significant 
caspase activation. H C Tl 16p53+/+ and H C Tl 16p53-/- cells were exposed to 50 pulses 
at 60ns 60kV/cm  and 10 pulses at 300ns 60kV/cm  and analyzed for caspase activation 
by flow cytom etry. A, Geom etric m ean fluorescence o f  caspase activation. B, Percent o f 
cells with active caspases. Graphical representation o f  five experim ents. Significance 
between pulsed cells and non-pulsed cells indicated by asterisks (* p< 0.05).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
H C Tl 16p53+/+ and H C Tl 16p53-/- were exposed to m ultiple nsPEF and analyzed for 
DNA fragm entation five and tw enty four hours post pulse. Results indicate that for both 
cell lines and both pulsing conditions, there was not significant DNA fragm entation 
observed at five hours post pulse (data not shown). However, by tw enty-four hours post 
ulse, TUNEL positive DNA was observed for both the 60ns 60kV/cm  50 pulse and 300ns 
60kV/cm 10 pulse conditions in both cell lines (Figure 22a and b). These data indicate 
that m ultiple exposures o f nsPEF induce an apoptotic pathw ay involving the 
m itochondria and cytochrom e c release to activate caspases that lead to DNA 
fragmentation by twenty-four hours post pulse.
M ultiple exposures o f  nsPEF allow significant Ethidium Homodimer-1 uptake and 
induces a significant increase in PS extem alization
W hile nsPEFs have effects on intracellular structures and functions that can be 
differentiated from effects on the plasm as m em branes, when pulse durations are longer, 
the electric fields relative and the pulse num ber higher, as they are in these studies, 
effects on the plasm a m em brane can be observed. To investigate m em brane effects 
H C Tl 16p53+/+ and p53-/- cells were exposed to 60ns or 300ns conditions in the 
presence o f  ethidium  hom odim er-1 and annexin V-FITC was added post pulse. Cells 
were analyzed fifteen m inutes post pulse by flow cytometry. Results indicate a significant 
increase in ethidium  hom odim er-1 fluorescence for both cell lines and both conditions 
(data not shown). Likewise, there was a significant increase in annexin V-FITC 
fluorescence for both conditions and cell lines (data not shown). These data suggest that 
there are m em brane fluctuations appearing to allow ethidium hom odim er-1 to enter the 
cells and inducing PS extem alization. There was no significant difference between pulse
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Figure 22. M ultiple exposures o f  nsPEF induce DNA fragm entation. 
H CT116p53+/+ and H CT116p53-/- cells were exposed to 50 pulses at 60ns 
60kV/cm  and 10 pulses at 300ns 60kV/cm  and analyzed for DNA fragm entation 
by TUNEL. A, Positive control B, H CT116p53+/+ cells and C, HCT116p53-/- 
cells. Representative images from m ultiple slides.
conditions or the presence or absence o f  p53. Interestingly, these changes can be 
transient, lasting for at least one hour but no longer present five hours post pulse. Based 
on previous work (58), this w'ould lead us to believe these indicators are induced through 
an electric field effect rather than a biological effect.
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Discussion
In the past few years several investigators have analyzed the effects o f  nsPEFs on 
cell structure and function. In general, nsPEFs with relatively high electric fields have 
been shown to induce apoptosis in HL60 and Jurkat cells with a low pulse num ber 
m aintaining m em brane integrity, and inducing PS extem alization, cytochrom e c release 
from the m itochondria into the cytoplasm, caspase activation, DNA fragm entation, and 
cell shrinkage (9-12, 45, 47, 48). O ther studies have shown that in a m ouse fibrosarcom a 
tumor model in vivo nsPEFs induced caspase activation and DNA fragm entation while 
reducing tum or size (9, 11, 12). NsPEFs have also been shown to induce apoptotic 
markers in H C Tl 16 cells, however these effects were transient and the cells recovered 
and survived (58). This suggests that the nsPEF conditions em ployed were below the 
threshold for apoptosis induction in these cells and furtherm ore that the presence o f  some 
apoptosis m arkers are reversible and do not directly indicate an apoptotic state that results 
in cell demise. Thus definitions o f  apoptosis in response to nsPEFs as well as other 
stimuli should be carefully considered.
NsPEF effects have been shown to be cell type specific, especially dem onstrating 
differences among cell types that are adherent versus cells that are in suspension (45). 
H C Tl 16 cells are an adherent and tend to be more resistant to apoptosis induction by 
nsPEF exposure as com pared to suspended cell cultures such as HL60s or Jurkat cells. To 
reach an apoptotic threshold in H C Tl 16 cells we could (1) increase the pulse duration, 
which is undesirable because this approaches classical electroporation conditions; (2) 
increase the electric field, which is at the m axim um  for the system s used throughout these 
studies; and/or (3) increase the pulse number, which is readily achievable and executed in
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this study.
Previous studies indicated a direct relation between the pulse duration and the 
electric field. Thus, to achieve a sim ilar effect on several different cell param eters, a five­
fold decrease in the pulse duration would require a five-fold increase in the electric field. 
(12). For exam ple, a cellular effect observ ed at 300ns and lOkV/cm would require an 
electric field around 50kV/cm with a 60ns pulse. In this study we include pulse num ber 
into the equation and show that the effect o f  pulse num ber is also linear w ith pulse 
duration and electric field. For example, in this study approxim ately 50% o f  cell died by 
apoptosis for the 60ns and 300ns. Thus, a five-fold decrease in pulse duration required a 
5-fold increase in pulse num ber to achieve a sim ilar death threshold. This relationship not 
only held true for cell survival, but also for increases in Bax, cytochrom e c, caspase 
activation, DNA fragm entation and decreased forward light scatter (cell shrinkage). Thus 
for presentation o f  apoptosis markers and cell death in H CTl 16 cells, com m on effects 
can be achieved as defined by the product o f  the pulse duration, electric field, and pulse 
number.
This thesis dem onstrates that if  you increase the num ber o f  pulse exposures given 
to H C Tl 16 cells you can reach the same effects as with suspension cells with a lower 
pulse number. Results presented here agree with previous reports indicating that nsPEF 
exposures induce apoptosis in several cell types. In this study, m ultiple pulses o f  nsPEF 
induce significant increases in Bax, cytochrom e c, caspase activation, cells shrinkage, 
and DNA fragmentation.
It is not yet possible to determ ine prim ary cellular targets for nsPEFs. Evidence 
indicates at sub-threshold for apoptotic death, the endoplasm ic reticulum  (ER) is a target
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(44) and it is likely that effects on the ER are also present at higher electric fields. Other 
studies indicate that the nucleus and/or DNA are targets for nsPEFs (43, 45). The studies 
presented here and elsewhere (10) indicate that the m itochondria are targets because they 
release cytochrom e c. However, it is not clear if  they are prim ary or secondary targets for 
nsPEFs. The significant increase in Bax expression suggests that p53 or another m ediator 
o f  Bax expression has been activated. Interestingly, cells that were p53-/- had 
significantly greater levels o f  Bax expression than p53+/+ cells. This suggests that p53 
m ay serve to protect cells against potential stresses induced by nsPEFs. It w as also 
interesting to note that m ore cells exhibited an increase in cytochrom e c release than the 
num ber o f  cells that exhibited increases in Bax. This suggests that in addition to increases 
in Bax expression there are other m echanism s that cause increases in cytochrom e c 
release and apoptosis induction. This further suggests that m ultiple targets are affected by 
nsPEFs, w hich m ay include the nucleus-to-m itochondria signaling through transcription- 
dependent and -independent p53 activation m echanism s as well as other intracellular 
targets and probably targets in the plasm a membrane. It is thus likely that nsPEF-induced 
apoptosis utilizes m ultiple targets and m echanism s leading to caspase activation and 
ultim ately cell demise.
Another question regarding nsPEF effects on cells is the potential for direct 
electric field effects on intracellular and/or m em brane targets. The results presented here 
indicate that increases in Bax and cytochrom e c detection are relatively late events 
requiring one to five hours for expression. This suggests biological responses to nsPEFs 
as opposed to effects directly related to the electric fields. M ore specifically, the relative 
late release o f  cytochrom e c is not related to intracellular electroporation o f  m itochondria,
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but rather to a tim e-dependent, biological response to nsPEFs. This suggests that 
m itochondria likely represent a secondary instead o f  a prim ary target o f  these stimuli. 
However, it is possible that direct electric field effects on m itochondria initiate a time- 
dependent response o f  the m itochondria or other organelles, such as the nucleus and/or 
endoplasm ic reticulum  that is “sensed” by the m itochondria, which ultim ately leads to 
cytochrom e c release and apoptotic cell death.
Typical studies with nsPEF have shown that as the pulse duration decreases into 
the nanosecond range, the m em brane does not fully charge and effects are greater on 
intracellular structures and function with lesser affects on the plasm a m em brane (11, 42- 
44). As the pulse duration and/or pulse num ber is increased, plasm a m em brane effects 
increase. Phosphatidylserine extem alization is a classical apoptosis marker, but has been 
shown (48) and m odeled (55) to be due to direct electric field effects o f  nsPEFs. We 
previously dem onstrated that nsPEF induce PS extem alization in H C Tl 16 cells by both 
direct electric field effects as well as 53-dependent biological effects (Hall et al). The 
present study agrees with these previous reports o f  direct electric field effects on the 
plasm a membrane. PS extem alization was significantly increased for m ultiple pulse 
conditions reported here, but there was no evidence for nsPEF-induced biological effect 
on PS extem alization. This study further confirms the hypothesis that plasm a m em brane 
effects are directly dependent on pulse duration, pulse number, and electric field 
intensity.
Studies with applications o f  nsPEFs have dem onstrated a potential induction o f  
DNA dam age as a result o f  direct electric field effects (45) and DNA fragm entation as a 
well-characterized apoptotic m arker (11). H CTl 16 cells exposed to nsPEFs have
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significantly enlarged nuclei even for pulses that are below the threshold for apoptosis 
induction (Hall et al., subm itted for publication). This thesis dem onstrates when H C T l 16 
cells are exposed to m ultiple nsPEFs, DNA fragm entation is observed by TU NEL 
twenty-four hours, but not five hours post pulse, suggesting a tim e-dependent biological 
effect that is consistent with apoptosis induction. The p53-dependent responses o f  Bax 
expression and cell shrinkage suggest that nsPEFs affect DNA, at least in part, in a p53- 
m odulated, DNA dam age mode. N evertheless, the greater num ber o f  cytochrom e c 
positive cells compared to the num bers o f  Bax expressing cells suggests that m echanism s 
other than the nucleus (p53)-m itochondria (Bax) signaling formula (18) are operative in 
response to nsPEFs.
The previous studies have dem onstrated nsPEF-induced effects on intracellular 
vesicles in human eosinophils (42), intracellular calcium  storage site(s) including the ER, 
(11, 13, 44, 59), and the nucleus (43, 45) (Hall et al submitted for publication). Also there 
was an induction o f  apoptosis markers that excluded loss o f m em brane integrity (9, 10, 
58) and effects on cytoskeletal structures (Hall et al S). The present and previous studies 
dem onstrate that nsPEFs act as an agonist to initiate functions from both the plasm a 
m em brane and intracellular targets (9-12, 58).
It has been suggested that cells are comm itted to death when the m itochondria 
becom e involved in the apoptotic pathw ay (61). This is consistent with the results 
presented here that approxim ately 50% o f  cells exposed to nsPEFs die with increased 
expression o f  Bax, cytochrom e c, caspase activation, cell shrinkage, and DNA 
fragm entation. The p53-dependence in some o f  these markers suggests that DNA/nuclear 
damage m ay be a target for nsPEF effects on these cells. It is likely that m ultiple targets
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are affected by nsPEFs including m itochondria, nucleus, endoplasmic reticulum , as well 
as the plasm a m em brane.
The pulse durations and num bers described in this paper are generally greater than 
previous reports; it is likely that multiple target recruitm ent is consistent with our 
hypothesis. In this study we demonstrated that by increasing the pulse num ber at the 
same pulse duration and electric field, it was possible to reach a threshold for apoptosis 
induction involving a m itochondrial-dependent apoptotic pathway as indicated by a 
decrease in m itochondrial function, an increase in the levels o f  Bax, cytochrom e c, 
caspase activation, DNA fragmentation, cell shrinkage, and ultim ately cell death. These 
results strongly suggest that nsPEFs induced cell death by apoptosis and suggest a 
potential therapeutic application for cancer therapy.
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CHAPTER V 
SUMMARY AND FUTURE STUDIES
Summary
The first specific aim o f  this dissertation was to determine the effect o f  nsPEF 
exposures on colon carcinom a cells in respect to apoptosis, p53 and proliferation at 
conditions that induce apoptosis in Jurkat and HL60 cells. The hypothesis o f  this aim was 
that p53 will attenuate the expression o f  apoptosis factors and/or prom ote survival factors 
to protect H C Tl 16 cells from deleterious effects o f  nsPEFs. H C Tl 16p53+/+ and 
H C Tl 16p53-/- cells w'ere exposed to nsPEF and analyzed for m em brane integrity, PS 
extem alization, caspase activation, and cell survival. Decreasing plasm a m em brane 
effects were observed in both H C Tl 16p53+/+ and p53-/- cells with decreasing pulse 
durations and/or decreasing electric fields. How ever, addition o f  ethidium  hom odim er-1 
and Annexin-V -FITC post-pulse dem onstrated greater fluorescence in p53-/- versus 
p53+/+ cells, suggesting a post-pulse p53-dependent biological effect at the plasm a 
membrane. Caspase activity w'as significantly higher than non-pulsed cells only in the 
p53-/- cells. H C Tl 16 cells exhibited greater survival in response to nsPEFs than HL-60 
and Jurkat cells, but survival was m ore evident for H C Tl 16p53+/+ cells than for 
H C T l 16p53-/- cells. These results from this specific aim indicate that nsPEF effects on 
H C T l 16 cells at conditions that induce apoptosis in HL60 and Jurkat cells include (1) 
apparent direct electric field effects, (2) biological effects that are p53-dependent and 
p53-independent, (3) actions on m echanism s that originate at the plasm a m em branes and 
at intracellular structures, and (4) an apparent p53 protective effect.
The second specific aim o f  this dissertation was to determ ine the response o f
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H C Tl 16 cells to nsPEFs during DNA synthesis in respect to apoptosis and proliferation 
at conditions that induce apoptosis in Jurkat and HL60 cells. The hypothesis o f  this aim 
was that colon carcinom a cells exposed to nsPEF while in S-phase will attem pt to protect 
replicating DNA and will have a lower apoptotic incidence than a normal cell population. 
H C Tl 16 colon carcinom a cells were synchronized to S-phase, exposed to electric fields 
o f  60kV/cm with either 60ns or 300ns durations and analyzed for apoptotic and 
proliferative markers. Unlike un-synchronized cells, S-phase cells exhibited greater 
m em brane integrity, m aintenance o f  cytoskeletal structure, and greater caspase activation. 
Regardless o f  the cell cycle phase, nsPEF-exposed cells survived, but exhibited reversible 
increases in phosphatidylserine (PS) extem alization, enlarged nuclei, abnormal DNA 
histogram s, and delayed proliferation. The results o f  this aim show the use o f  nsPEFs as a 
non-ligand agonist that m odulate cell structures and functions, dem onstrate differential 
effects in S-phase cells that may protect them during DNA synthesis, and suggest a non- 
apoptotic role for caspase activity during DNA synthesis.
The third specific aim o f  this dissertation was to determ ine conditions o f  nsPEFs 
that induce approxim ately fifty percent cell death in colon carcinom a cells and analyze 
effects o f  these pulses in respect to apoptosis, p53 and proliferation. The hypothesis o f  
this aim was that colon carcinom a cells exposed to conditions that induce fifty percent 
cell death will also induce apoptosis and these m ultiple exposures will be past a threshold 
for a p53 effect. H C Tl 16p53+/+ and H C Tl 16p53-/- colon carcinom a cells were exposed 
to m ultiple pulses with electric Fields o f  60kV/cm  with either 60ns or 300ns durations. 
Under nsPEF conditions that induced approxim ately 50% cell death, apoptosis markers 
w'ere observed including decreased m itochondrial function and increased levels o f  Bax,
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cytochrom e c, active caspases, fragmented DNA, and reduced forward light scatter (cell 
shrinkage). There were fewer Bax-positive cells than cytochrom e c-positive cells, 
suggesting B ax-independent m echanism s for cytochrom e c release. Only cells that 
expressed increased levels o f  Bax or cytochrom e c exhibited shrinkage. W hen exposed to 
nsPEFs H C T l 16p53-/- cells had significantly higher Bax levels and becam e significantly 
sm aller in size compared to H C Tl 16p53+/+ cells. These results dem onstrate that nsPEFs 
act as a non-ligand agonist to induce apoptosis, including p53- and Bax-dependent and - 
independent pathw ays that utilize m itochondrial m echanism s leading to caspase 
activation and cell death, which are biological responses to nsPEF and not direct 
responses to the electric fields themselves. This aim dem onstrated that by increasing the 
pulse num ber at the same pulse duration and electric field, it was possible to reach a 
threshold for apoptosis induction involving a m itochondrial-dependent apoptotic pathway 
as indicated by a decrease in m itochondrial function, an increase in the levels o f  Bax, 
cytochrom e c, caspase activation, DNA fragm entation, cell shrinkage, and ultim ately cell 
death.
We can conclude from these three aims that H C Tl 16 cells have a higher tolerance 
for nsPEF exposure as compared to Jurkat and HL60 cells and to induce apoptosis in 
these cells the pulse num bers must be increased. H C Tl 16 cells when exposed to nsPEF 
w'hile synthesizing DNA have a protective effect over their replicating DNA. Once the 
apoptosis threshold is reached this research suggests that nsPEFs induced cell death in 
H C Tl 16 cells through a m itochondrial-dependent apoptotic pathway. These results also 
suggest a p53 effect threshold. H CTl 16 cells exposed to fewer pulse num bers 
demonstrated a p53 protective effect while H C Tl 16 cells exposed to greater pulse
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num bers no longer had this p53 effect. It has previously been dem onstrated that exposure 
o f  cells to nsPEF followed the scaling law; the requirem ent o f  the physical displacem ent 
o f  m olecular structures driven by the electric field. This displacem ent varies as the 
product o f  the electric field and the pulse duration. This thesis is the first to dem onstrate 
the displacem ent varying as the product o f  the electric field, pulse duration, and now 
pulse numbers.
Future Studies
From theses studies it would be interesting to analyze the kinases upstream  o f  p53 
activation and stabilization such as ATM, ATK, CHK1 and CHK.2 kinases. This could 
potentially determ ine how p53 is stabilized in response to nsPEF and allow for 
comparison with a known pathw ay such as UV or IR induced p53 stabilization. Another 
potentially interesting avenue to travel based on these studies is analyzing the co­
localization o f  Bax and Bcl-2 to determine the ratio o f  how much Bax is activated as 
compared to how much Bax is still sequestered with Bcl-2. In this respect it would also 
be interesting to analyze Bax and Ca2+ co-localization with the m itochondria to determ ine 
if  Bax is the only factor perm eabilizing the m em brane or if Ca~* from the ER is aiding 
Bax in response to nsPEF in these cells. It could also be helpful to determ ine if  p53 is 
inducing cell cycle arrest genes, such as p21, which could help explain why p53-/- cells 
would have more Bax activated than p53+/+ cells. The rationale behind this is that if  p53 
induces cell cycle arrest to determ ine if  the dam age can fixed, the p53-/- cells m ight be 
faster to induce apoptosis because they have not been arrested to survey damage. It has 
typically been the focus to study intracellular targets but these studies suggest an effect at 
the plasm a m em brane that is not equivalent to electroporation but still has a perm eability
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effect on the plasm a membrane. It would be o f  interest to study m ore in depth these 
plasm a m em brane effects induced by nsPEF and to determine if  it is these effects that 
signal the intracellular organelles. At any rate, there are many avenues that this research 
has opened for future studies in digging deeper into the m echanism  and understanding o f  
nsPEF.
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